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Current biomaterials are designed to be passive in nature to prevent the 
initiation of adverse immune responses upon contact with biological substances. While 
this approach of inertness is still a crucial design component for some applications, the 
possibility of engineering desired cell responses in the local environment of the material 
exists and is of particular interest in implantable devices and tissue engineered 
constructs. Fundamental knowledge of the relationships between cell adhesion and 
gross cell behavior will provide key design criteria for the creation of advanced 
biomaterials that induced locally controlled cellular responses. This work investigates 
the possibility of engineering cell behavior by limiting adhesion site maturation. 
Chemically-defined nanoislands of fibronectin were created using a combination of 
nanosphere lithography and an orthogonal surface functionalization strategy. 
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Investigation of the adhesive and cytoskeletal components of cells cultured on these 
surfaces demonstrates that chemically-defined nanopatterns provide an upper size limit 
to adhesion site growth which in turn influences the degree of cytoskeletal formation. 
The imposed restriction on adhesion site growth results in the formation of a relatively 
higher number of more evenly distributed, small adhesions throughout the cell body. 
The adhesive behavior can be tuned by changing the nanopattern properties with 
respect to their size, spacing, and density. Furthermore, it is demonstrated that the 
observed differences in cell adhesion as imposed by the nanopatterned surfaces induces 
changes in gross cell behavior with respect to spreading, proliferation, and motility. The 
results presented here parallel observations documented in cells cultured on elastic 
surfaces and indicate that intracellular signaling cascades initiated and governed by 
cellular adhesion sites are sensitive to adhesion size/maturation and possibly the 
amount of force generated locally at these adhesion sites. The conclusions drawn from 
these studies give insight into the possibility of implementing nanostructured 
biomaterials for cell engineering purposes and provide design criteria for the next 
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Chapter 1 
Introduction 
1.1 Introduction and Motivation  
Biomaterial design has shifted from creating materials that are biologically inert 
to materials that display chemical and biological cues mimicking that of natural tissues. 1 
While inertness may be desirable for some material applications, the ability to control 
cellular response in the local environment of the implanted material would be 
advantageous. For implantable sensors, drug releasing devices, and BioMEMS 
applications, the surface is the main component that interacts with the surrounding 
tissue and the ability to tune the properties of these surfaces to elicit desired cellular 
responses is of great interest. Toward this goal, implantable materials that release 
soluble factors have been created and include drug-eluting stents that slowly release 
anti-restenosis drugs such as sirolimus and paclitaxel. While the release of soluble 
factors from these stents can give some control over the behavior of cells in the local 
environment, it does not govern direct cell interactions with the surface. It is crucial that 
implanted stents induce the formation of an endothelial cell (EC) monolayer for the 
prevention of thrombosis. Currently, there is no design consideration for inducing the 
formation of this EC lining. The work presented here gives some insight into how 
nanostructured biomaterials can be implemented to gain control over EC phenotype 
expression and may provide some design parameters for the next generation of 
advanced biomaterials.   
 2  
While control over cellular behavior via adhesive interactions with biomaterials 
is evident for some implanted materials, it is even more evident in the creation of tissue 
engineered devices in which cells interact with both the surface and eventually the 
entire volume of the synthetic construct. For these constructs to be viable they must 
allow for directed growth of tissue, precise placement of desired cell types, avoid 
creating adverse immune responses, be highly vascularized, and have the ability to link 
to the existing vascular network. Much attention in recent years has focused on 
designing methods to induce blood vessel growth in desired areas of these constructs. 2-
5 In order for cells within these constructs to survive, a vascular network must be in 
place to deliver necessary oxygen, chemicals, and nutrients. A number of methods have 
been implemented to induce endothelial cell migration into these artificial materials for 
blood vessel formation and growth. Most current techniques rely on the controlled 
release or tethering of growth hormones, VEGF and bFGF, to produce gradients that 
direct endothelial cell movement and proliferation into the artificial tissue construct. 4 
Another approach currently being investigated involves incorporating matrix 
metalloproteinase (MMP) sensitive linkers, RGD binding sequences, and VEGF into one 
matrix scaffold. 4 This bioactive scaffold allows ECs to “drill” their own pathways through 
the matrix, guided by VEGF concentration gradients. This technique has shown to work 
quite well in animal models yet still has limitations in linking into the existing vascular 
network. All of the mentioned studies rely on growth factor signaling to transform ECs 
from a quiescent state to an angiogenic phenotype.  
The work presented here gives an alternative to soluble factor release and 
provides insight into how biomaterial surface structure on the nanometer scale can also 
be implemented to initiate angiogenic characteristics in ECs. Rather than solely relying 
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on the release of growth factors to guide EC penetration and growth, the results 
indicate that presenting nanoscale domains of ECM proteins can simultaneously induce 
increased EC motility and proliferation, even at extremely low protein concentrations. It 
is known that ECM concentration influences cell behavior and those findings are 
validated here, but further insight into the underlying mechanisms that provide this 
modulation are explored. The studies show that local ligand density on the nanoscale 
and the ability for cells to quickly cluster integrins into discrete adhesions is more 
important for initial cell attachment and long term proliferation than the overall ECM 
surface concentration. The ability to tune cellular response by varying the underlying 
nanoscale surface structure of the material is demonstrated. This work provides insight 
into the complex relationships between ECM concentration, adhesion maturation, 
intracellular force generation, and gross cell behavior and lays a foundation for further 
studies on mechano-regulation of EC phenotype expression.  
1.2 Objectives 
The purpose of this work was to investigate how limiting adhesion site 
maturation to early stages of adhesion can be harnessed to gain control over cell 
behavior. This was accomplished by creating chemically-defined nanoscale islands of 
ECM protein that provided direct control over the number of integrins allowed to cluster 
in a given adhesion site. Through modulation of the ECM nanoisland size, the number of 
integrins per adhesion site and subsequently the maturation of adhesion sites were 
controlled. Endothelial cells cultured on these surfaces displayed significant differences 
in mechanotransductive abilities and gross behavior in an adhesion site size dependent 
manner.  
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While previous studies have focused on the relationships between ECM 
presentation at the macro and micro scale and cell behavior, this work focused on 
gaining insight into how nanoscale presentation of ECM can be implemented to guide 
cell response. To explore this relationship a nanofabrication technique that met a few 
requirements had to be developed. First, the technique had to allow for the creation of 
large surface areas of chemically-defined nanoislands of ECM to be created for 
statistically sound quantification of cell behavior. Second, the technique had to provide 
for direct control over cell adhesion by displaying ECM components, full proteins or 
adhesive peptide sequences, in well-defined nanoscale islands with controlled size, 
spacing, density, and topography surrounded by an inert background. Furthermore, the 
fabrication process needed to allow for the use of glass substrates for easy 
implementation of fluorescent studies. To meet these demands, nanosphere 
lithography and an orthogonal surface functionalization scheme were implemented to 
create surfaces displaying FN nanoislands against a non-adhesive or passive 
background. 6 Much effort was taken to verify that the chemically-defined nanoislands 
were indeed imposing limitations on adhesion site growth. After verification of the 
chemical modification, the nanoscale FN islands were varied with respect to their size, 
spacing, and overall density. Changes in cell adhesive properties with respect to their 
size and location where analyzed and correlated to changes in cytoskeletal formation, 
spreading, proliferation, and mechanotransductive processes such as FN fibril formation 
and cell motility. The results indicate that limiting adhesion site size leads to significant 
changes in adhesion site and cytoskeletal properties. Furthermore, observations were 
made that indicated that these induced changes in adhesive and cytoskeletal properties 
may influence the amount of intracellular and traction force generated by cells on these 
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surfaces as reflected by reduced cell spreading and increased motility of cells cultured 
on very small nanopatterns. It is proposed that the differences in force generation may 
in turn influence adhesion composition and signaling cascades and lead to the observed 
changes in gross cell behavior. 
1.3 Overview 
The following document discusses how the studies were carried out and why. 
The necessary background is covered in Chapter 2. The process of cell adhesion, 
signaling from adhesion sites, previously reported relationships between engineered 
surfaces and cell behavior, and a brief introduction to ECs is covered. Chapter 3 details 
the nanofabrication process and lists the properties of the various surfaces 
implemented in this study. Chapter 4 discusses  the chemical modification protocol and 
how the surfaces were characterized with XPS and AFM to verify the creation of 
fibronectin nanoislands on a passive/non-adhesive background. Chapters 5 and 6 
discuss observed differences in adhesion site and cytoskeletal properties induced by the 
nanopatterned surfaces. Chapter 7 discusses FN fibril formation on these surfaces and 
gives insight into the mechanotransductive properties of cells on nanopatterned 
surfaces. Chapters 8 though 10 demonstrate how nanopattern properties influence cell 
spreading, motility, and proliferation, respectively. Finally, Chapter 11 discusses the 
results in detail and relates the observed changes in adhesive and cytoskeletal 
components to changes in cell behavior followed by speculation on how intracellular 
force generation may play a role in regulating signaling cascades and how this may be 
related to some of the observed cellular responses to these surfaces. 
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Chapter 2 
Background 
2.1 Introduction   
Cell adhesion to ECM components is a complex process that is still not fully 
understood. Much attention has been given to classifying adhesions based upon their 
location in the cell, their size, lifetime, molecular composition, and the amount of force 
they generate and apply to the underlying surface. The idea that signaling cascades 
initiated and governed by cellular adhesion plaques can be controlled by engineering 
how cells adhere to surfaces is relatively new and much attention has recently been 
focused on gaining a better understanding of the relationships between adhesive 
properties, intracellular force, the generation of traction force, and downstream cell 
behavior. While many of these findings come from studies utilizing rigid 2D surfaces 
such as glass and polystyrene, an increasing number of scientists believe that the 
formation of large adhesion sites and associated stress fibers is an artifact of the 
culturing process on rigid surfaces and not representative of cells in vivo. Detailed 
studies of cellular components in engineered 3-D or natural matrices are underway but 
are more difficult to gain insight from due to difficulties in imaging cells in these 
environments. A fundamental understanding of the cell adhesion process, intracellular 
force generation, and how these processes can be manipulated to control cell behavior 
using engineered surfaces is necessary to understand the scope of this project.  The 
current state of these relationships will be discussed in detail in the following sections. 
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2.2 Cells and Their Environment 
Cells in native tissues receive signals from their environment via four primary 
sources, (1) soluble factors, (2) neighboring cells through cell-cell contacts, (3) cellular 
interactions with the extracellular matrix, and (4) outside environmental changes such 
as the application of shear stress induced by fluid flow. Although much is known about 
the effects of soluble factor signaling and some about cell-cell mediated signaling, the 
effects of surface topography and attachment site size on the nanometer length scale 
are relatively unexplored. Cell-ECM interactions mediated by integrin binding and 
clustering to form focal complexes and adhesions are known to play a key role in many 
cellular processes including adhesion strength, differentiation, cancer metastasis, 
cytoskeletal morphology, proliferation, motility, and phenotype control, but the 
underlying mechanisms and complex interplay between adhesion components and 
force generation is relatively unknown. 7-16 Ultimately, a combination of all of these 
influences will have to be harnessed to gain control over the cells microenvironment 
and to truly engineer a functioning artificial material based tissue. A short review 
concerning ECs, cell adhesion, adhesion site signaling, and engineered surfaces is 
discussed in this chapter. The other three signaling sources and their influence on cell 
behavior are not discussed in order to keep the background as concise and relevant as 
possible.  
2.3 Endothelial Cells 
Since endothelial cells were used for these experiments it is important to know a 
little about their primary function and the role they play in vivo. ECs, fibroblasts, and 
smooth muscle cells are responsible for the formation and maintenance of blood vessels 
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in all tissue types. ECs form the inner lining of all blood vessels and release a number of 
factors; endothelin-1, prostacyclin, and nitric oxide, that control vessel dilation, blood 
coagulation, and new vessel formation, whereas fibroblasts and smooth muscle cells 
provide structure and mechanical strength. ECs take on two basic quiescent phenotypes 
while lining blood vessels. In straight sections ECs are highly elongated with well-defined 
actin cytoskeletal networks induced by applied shear stress caused by the passing flow 
of the blood and its constituents. At branch points or curves in vessels, ECs display a 
cobblestone morphology yet are still inactive and stationary. Both types of quiescent 
cells can be disrupted by a number of factors that induce a wound healing or angiogenic 
phenotype including inflammatory cytokines, growth factors, hormones, and bacterial 
products. 7 The role of ECs and their reactions to wound healing responses are currently 
being explored and the molecular basis that drives them is relatively unknown. In 
response to a wound healing signal, ECs disassemble the dense peripheral band of actin 
and disassociate contacts with neighboring cells, then extend lamellapodia and/or 
filopodia to spread into the wound, followed by increased proliferation to fill in the 
wound area. The growth of new blood vessels follows a similar trend in cellular response 
and is a multistep process that involves remodeling of the extracellular matrix, 
migration, proliferation, and maturation of the newly assembled vessels. A number of 
EC markers have been characterized and used to determine when ECs have entered an 
angiogenic or wound healing phenotype including changes in cytoskeletal arrangement, 
the formation of lamellapodia and/or filopodia, the release of growth factors, increases 
in cell proliferation and migration, changes in gene expression, the production and 
release of MMPs, the expression of αVβ3 and αVβ5 integrins, and the display of chemical 
markers, such as monocyte chemotactic protein-1, on EC surfaces. 17-26 This study 
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utilizes some of these key events to indicate a change in EC phenotype from a quiescent 
to an active cell. 
2.4 The Complex Relationships between Cell Adhesion, Intracellular Force 
Generation, Signaling Cascades, and Cell Behavior 
2.4.1 The Cell Adhesion Process 
Integrins 
Integrins are the primary anchoring mechanism utilized for cell adhesion and 
they mediate cellular interactions with the underlying extracellular matrix to form 
adhesion sites that are key regulators of intracellular signaling cascades that govern 
many aspects of cellular behavior. 8-12 These heterodimeric transmembrane 
glycoproteins consist of an α and β subunit and to date, 18 α and 8 β subunits have 
been discovered that combine to form 24 documented adhesion receptors. ECs display 
and utilize 11 of the existing 24 forms . 11 Once activated, integrins undergo a 
conformational change allowing the extracellular component of these receptors to form 
a binding pocket that recognizes and interacts with specific peptide sequences displayed 
on ECM proteins, such as RGD, REDV, and YIGSR. Activated and clustered integrins 
therefore act synergistically and recruit a large variety of scaffold and signaling 
molecules with spatial and temporal dependence, leading to the formation of focal 
complexes that mature into focal adhesions. 13-16 Three key integrin receptors, α5β1, 
αVβ3, and αVβ5 are predominately incorporated in adhesions of ECs with angiogenic 
phenotypes. 11 These integrins specifically bind to fibronectin, vitronectin, and a number 
of other ECM proteins found in high abundance at sites of angiogenesis and tissue 
injuries.  
 10  
Integrin clustering is a crucial step in adhesion site formation and sites of 
clustered integrins act as a docking platform for intracellular protein aggregation during 
adhesion site formation. While still not fully understood, much effort has focused on 
determining what mechanisms induce the formation of integrin clusters. Mechanical 
force applied to the adhesions from both outside and inside the cell, 17-19 integrin 
activation, 20 immobilized ligand, 20 talin, 20-24 PIP2 activation, 20 transmembrane domain-
mediated homo-oligomerization, 25,26 and interactions with glycosphingolipids, 27 have 
all been implicated in the induction of integrin clusters. Putting all of the pieces together 
shows that integrin clustering is a multistep process. Unligated, non-activated integrins 
form small clusters in the cell membrane via lateral associations with each other 
through both their β  integrin cytoplasmic and transmembrane domains. 25,26 
Interactions with glycosphigolipids in the cell membrane can increase the extent of 
clustering to form microdomains of clustered but non-activated integrins. 27 
Mathematical simulations have shown that preclustering of integrins into small domains 
is energetically beneficial in the formation of ligand-integrin interactions needed for 
adhesion site formation. 28,29 These small clustered integrin domains can become 
activated in the presence of immobilized ligand through integrin binding which induces 
conformational changes in the bound integrin. 20 These integrin conformational changes 
lead to PIP2-mediated integrin interactions with talin. 20-24 Talin further acts with F-actin 
to allow for actomyosin-mediated force application to the ligand bound integrins. 20-24 
While not fully supported by literature, it may be that local changes in the viscoelastic 
properties of the cell membrane near the site of the ligated integrin cluster and force 
application induce the flow of more integrins to the sight thereby increasing the amount 
of clustering and allowing for adhesion site growth. 17-19 This complex process of 
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preclustering, ligand binding, integrin activation, talin recruitment, force application, 
and increased integrin clustering is crucial for the formation of a platform for the 
docking of intracellular proteins and signaling molecules during adhesion site formation 
as discussed in the following section.  
 
Maturation and Classification of Cell-ECM Adhesions 
Cellular adhesions have demonstrated the ability to regulate cell motility, 30-33 
proliferation, 9,34-36 differentiation, 34,36 and apoptosis. 37,38 While often biochemical in 
nature, these regulatory processes are also governed by the endogenous force 
generated by the cell via actomyosin contraction that is transferred to the underlying 
substrate via adhesions. 39-41 Identifying and classifying different stages of adhesion is 
important for understanding the relationships between intracellular force generation, 
adhesion maturation, and adhesion site mediated regulation of intracellular signaling 
cascades. To address this issue, a few classes of adhesions have been identified and 
include hyaluronan-mediated adhesions, focal complexes, focal adhesions, fibrillar 
adhesions, and 3-D matrix adhesions (Figure 2.1). 11,16,42,43  
The first few seconds of cell attachment to surfaces for some cell types is 
regulated by the glycosaminoglycan hyaluronan. When displayed on the cell surface, 
this linear polymer forms weak interactions with ECM components to start the adhesion 
process by bringing the cell in close proximity to the ECM. 16,44 Once the cell has made 
contact with the surface, integrin mediated adhesions begin to form. These early 
adhesions, known as focal complexes, are relatively small adhesion sites usually located 
at the leading edge of motile cells (Figure 2.1). The complexes are often observed 
associating with filopodia and lamellapodia protrusions used for probing of the local 
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environment during cell migration. 45 These highly dynamic complexes are found in 
abundance in motile cells and their formation is regulated by Rac1 and Cdc42 
activation. 16,42 Focal complexes can be further classified as either early or late, 
depending on their lifetime and molecular composition. Early focal complexes are 
designated by the presence of αvβ3 integrins, talin, paxillin, and phosphotyrosine. 
Shortly after their formation, these adhesions mature to become late focal complexes 
that are identified by the addition of vinculin, FAK, VASP, α-actinin, and Arp 2/3 to the 
adhesion complex. Both of these adhesive plaques display a typical surface contact size 
of 0.25 µm2, a size indicative of the limitations of light microscopy, with a short lifetime 
of only a few minutes. Many of these complexes disappear shortly after their formation, 
particularly when lamellapodia advancement is stopped, but some of them grow in size 
and recruit more cytoplasmic proteins that promote linkage to actin stress fibers 
thereby further maturing into focal adhesions. The maturation process from small 
complexes to larger adhesions is induced by intracellular force generation produced by 
actomyosin-driven contractility and due to this force-dependent maturation, classical 
focal adhesions are found almost exclusively at the ends of actin stress fibers 
(Figure 2.1). 11,16,42 To promote this maturation of adhesive states, Rho also stimulates 
PIP2 synthesis that mediates cytoskeletal interactions with the focal adhesion adapter 
and linking proteins vinculin and α-actinin thereby forming the crucial link between 
stress fibers and cellular adhesion sites . 42 Focal adhesions are much larger in size 
compared to focal complexes and the increase in adhesive area and unfolding of force-
mediated adaptor proteins allows for the incorporation of α5β1 integrins, tensin, and 
zyxin into the existing complex.  
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If cells are cultured on FN, a final stage of adhesion formation known as fibrillar 
adhesions is achieved. These adhesions are typically found near the center of the cell 
and can be seen as a series of small dots or as highly elongated fibril type structures 
(Figure 2.1). 16 Their molecular composition is similar to that of focal adhesions and is 
characterized by the presence of increased levels of tensin and α5β1 integrins, while 
there are relatively little to no αvβ3 integrins in these adhesions. 16 Fibrillar adhesions, 
attached to the underlying FN, are pulled to the cell center via their association with the 
actin cytoskeleton (Figure 2.1). During this process the bound FN is stretched and 
unraveled exposing cryptic adhesion sites and binding domains for FN and other ECM 
proteins. 43  
Even though the molecular composition of these diverse adhesion types is 
different they contain many of the same adaptor and regulatory proteins. Adaptor 
proteins containing multiple protein binding sites are responsible for recruiting both 
structural and signaling molecules and include paxillin, p130Cas, SH2/SH3 adapters 
(Grb2), and calcium-dependent calpain. Some of the cytoskeletal associated proteins 
responsible for cytoskeletal linkage to the adhesions include vinculin, talin, α-actinin, 
and filamin. These proteins provide distinct binding and nucleation domains for both 
actin and tubulin via association with a number of cytoskeletal linking proteins that 
control actin dynamics such as gelsolin, tensin, radixin, VASP, and zyxin. Regulatory 
proteins associated in focal adhesions, mainly p125FAK (focal adhesion kinase), p60Src, 
Csk, PKC, PI3K (phosphatidylinositol 3-kinase), p59ILK, and various phosphotases (Shp-2, 
PTP-PEST, PTEN, and PTP1B phosphatase), are responsible for integrin-mediated 
signaling cascades. These signaling molecules have been implicated in basic cellular 
events including adhesion, cell spreading, cell motility, and cellular proliferation. 11,42 
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The previously discussed events concerning the formation of large focal 
adhesions and fibrillar adhesions may not be entirely representative of what happens in 
vivo. As the possibility of creating tissue engineered constructs becomes more 
realizable, differences in properties between cells cultured in 2-D and 3-D environments 
are being explored. Differences in cell morphology and increased motility and 
proliferation have all been observed in 3-D culture systems.  43,46-48 Cells cultured on 2-D 
surfaces spread out flat and display a polarity with respect to where cell-matrix 
adhesions are formed that is not observed in cells in 3-D matrices. 49 Furthermore, it has 
been shown that epithelial cells grow to form a monolayer on 2-D surfaces but form 
aggregates, make cell-cell contacts, become polarized, and form spherical acini in 3-D 
matrices. 49 Amoeboid migration is seen in some cells in 3-D where the cells use non-
adhesive means to adapt their cell shape to the surrounding matrix and match their 
shape to the path of least resistance to use propulsive squeezing for motility. 49 Some of 
these observed cellular changes may be induced by changes in adhesion composition 
and levels of FAK phosphorylation. 48 3-D matrix adhesions are composed primarily of 
α5β1 integrins, paxillin, vinculin, and FAK. 48 Furthermore, these 3-D matrix adhesions 
display lower levels of FAK phosphorylation and Rac activation compared to cell on 2-D 
surfaces. 48,49 This low level of FAK activity may be responsible for the increased 
proliferation response observed in cells cultured in 3-D systems. 50 Matrix elasticity also 
influences adhesion properties of cells cultured in 3-D matrices. Cells cultured in cross-
linked cell-derived 3-D matrices revert back to using adhesions similar to those seen in 
2-D culture systems. 48 These findings demonstrate that adhesion composition and 
signaling cascades regulated by adhesions can be influenced by the spatial arrangement 
of ECM binding sequences and the overall matrix stiffness or elasticity. Based on these 
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results, the occurrence of very large focal adhesions may be a consequence of culture in 
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Figure 2.1: Cell Adhesion Types, Location, and Force Generation: Cells create three 
primary types of integrin mediated adhesions, focal complexes (FXs), focal adhesions 
(FAs), and fibrillar adhesions (FBs). FXs are typically located at leading edge of cells (A) 
and act as docking points for F-actin polymerization (A,B). The traction force measured 
at FXs can vary greatly (blue dots in C) and is reflective of membrane resistivity as the F-
actin pushes against the membrane (B). FXs mature into FAs with a typical size > 1 µm2 
that are terminating points for actin stress fibers (A,B). The traction force created by FAs 
is linearly dependent on adhesion site size (C) and created through Rho-mediated 
actomyosin contraction of actin stress fibers (B). FBs link to the underlying FN fibrils and 
through association with actin stress fibers pull the FN apart, a term known as 
fibrillogenesis (A,B). Cell speed is known to have a biphasic relationship to adhesion site 
size, the amount of traction force created, and to surface elasticity.  
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2.4.2 Intracellular Force Generation and Adhesion Site Signaling 
Cells display the ability to create highly localized points of intracellular force that 
result in propulsive and contractile forces necessary for cell spreading and motility. The 
relationship between intracellular force generation and signaling cascades initiated and 
governed by adhesion sites will be discussed in the following section. It is known that 
many cell types are adhesion dependent, meaning that their attachment and prolonged 
adhesion to surfaces is crucial for survival. The adhesion process governed by protein 
plaque interactions with cytoskeletal components inherently produces highly localized 
points or foci of force generated by the actomyosin contractility of actin fibers. 
Naturally, the question that arises is, ow do these highly focused points of force result in 
signaling cascades? Currently, many force-mediated mechanisms that control signaling 
are thought to exist. To address this issue, the amount of force that cells apply at 
adhesions and possible force-sensitive signaling mechanisms are discussed in this 
section.  
 
How Much Force do Cells Produce? 
Many studies have come to the same conclusion that the amount of force 
applied to the substrate by individual focal adhesions, adhesions with a typical size 
ranging from 1 to 15 µm2, directly corresponds to the contact area of the adhesion 
(Figure 2.1 C). 51-54 This relationship shows that cells apply a constant stress of 
5.5 nN/µm2 to the underlying surface through adhesion sites regardless of the adhesion 
site size. 51 Actomyosin mediated contraction plays an important role in this process and 
if interrupted by inhibitors, both the force and concentration of adhesive components 
drop simultaneously, supporting the idea that force applied to cellular adhesion sites 
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induces conformational changes of adhesion components to reveal binding sites for 
other molecules. 51 Some candidates for force sensitive adhesion components include 
vinculin, talin, pp60src, and zyxin. 55-59 While the force to size relationship holds true for 
focal adhesions it does not apply to smaller focal complexes with a typical size of 
0.25 µm2. These small, highly dynamic adhesions often apply extremely high forces for 
their size and can create forces equal to focal adhesions 12 times larger 
(Figure 2.1 C). 53,60 Furthermore, while inhibition of actomyosin contractility abolishes 
focal adhesions it has no effect on focal complexes, hinting to a different and to date 
not fully understood mechanism of force generation for these very small adhesions. 15,61 
This indicates that focal complexes and focal adhesions associate with different subsets 
of actin cytoskeletal organization. Focal adhesions clearly interact with large actin stress 
fibers and focal complexes associate with small F-actin fibers in lamellapodia. Focal 
complexes, but not focal adhesions, contain Arp 2/3, a molecule responsible for actin 
polymerization and branching in lamellapodia. 55,62 These complexes also contain talin, a 
proposed molecular clutch that in combination with myosin V, zyxin, and perhaps 
Ena/VASP facilitate filipodia extension of the cell membrane during cell spreading and 
motility. 63,64 The association of focal complexes with F-actin near the leading edge 
explains why the inhibition of actomyosin contraction does not induce the dissolution of 
these complexes as it does for focal adhesions. Furthermore, the generation of large 
traction forces at these small complexes may give insight into their role during 
lamellapodia and filipodial formation. Since Arp 2/3 nucleates actin branching and new 
sites of polymerization, and since talin acts as a molecular clutch to allow for actin 
slippage, the association of these molecules with focal complexes indicates that the 
complexes act as docking points for F-actin polymerization thereby allowing actin driven 
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membrane protrusion during lamellapodial driven cell migration. 45,63-67 The resistance 
provided by the cell membrane as the polymerizing actin pushes against it may be 
translated to the complexes and reflected in the traction studies as local points of high 
force (Figure 2.1). Furthermore, the adhesion components that compose these small 
adhesive complexes create shells around F-actin rich cores that make up podosomes for 
enzymatic release during cell migration through tissue, further implicating their 
importance in motility and early adhesion site formation. 68,69 
 
Adhesion- and Force-mediated Intracellular Signaling Cascades 
Integrins alone, without forming adhesions, play an important role in signaling.  
The accumulation of proteins and signaling molecules to clustered integrins is a 
hierarchical process including phosphorylation, ligation with ECM components, and 
linkage to the cytoskeleton. 70 The clustering of integrins alone without ligand ligation or 
phosphorylation induces the accumulation of both FAK and tensin. 70 If the same site is 
ligated with ECM components, but not allowed to be activated through 
phosphorylation, a number of cytoskeletal linkage proteins including talin, a-actinin, 
vinculin, and tensin and one kinase, FAK, aggregate to form an intracellular protein 
plaque. 70 If removal of integrin ligation to ECM components is induced and the plaque 
allowed to phosphorylate, then the clustered integrins induce the accumulation of 20 
signal transduction molecules while only one cytoskeletal associated molecule, tensin, is 
present. 70 Furthermore, this non-ligated phosphorylated complex displays the ability to 
initiate both ERK and SAPK/JNK signaling cascades. 70 Finally, if this activated cluster of 
integrins and signaling molecules is allowed to ligate to ECM, there is a massive influx of 
cytoskeletal associated proteins that allow for integrin linkage to the cytoskeleton. 70 
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This demonstrates the hierarchical process of adhesion formation from the initial 
clustering of integrins and shows that the creation of fully formed adhesions includes 
integrin aggregation, integrin occupancy, tyrosine kinase activity, and association with 
actin cytoskeleton. 70  
Once an adhesion is fully formed, the application of force through actomyosin 
contraction can be applied to the ligated integrin cluster or focal adhesion site. The 
force exerted by a single focal adhesion site can range from 10 to 60 nN depending on 
the location, size, and type of adhesion. 51,53,71,72 Back calculation of the forces exerted 
at focal adhesions shows that the force applied by a single integrin is similar to that 
produced by a single myosin molecule. 51 It has been shown that integrin signaling is 
dependent on cellular contractility, 73-75 but the underlying mechanism or exact force 
sensitive molecules involved in this process are still unknown. Applied force may induce 
unfolding of integrin domains 76 or adhesion associated molecules. 77 Some hypothesize 
that the amount of force that a cell applies to adhesion molecules can mediate 
molecular interactions at that site acting as a “feedback response”. 51 Support for this 
idea comes from the discovery of a few force-sensitive adhesion components that 
include vinculin, talin, pp60src, and zyxin. 55-59 Vinculin, talin, and pp60src exist in both 
active (open) and inactive (closed) forms. 55,56,58 These conformational changes 
regulating activity may be mediated by mechanical force but it is known that PIP2 also 
promotes the activation of  both vinculin and talin. 56,57 The idea of a force sensitive 
protein or protein aggregate has been hypothesized for a long time and while some 
adhesion associated proteins display force dependence, the golden goose per se, has 
yet to be discovered. The discovery of cryptic binding sites in FN that are revealed 
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during FN unfolding via association with α5β1 integrin movement through actomyosin 
contraction have further fueled the search. 77,78  
 
FAK Mediated Signaling 
FAK is the only kinase that localizes to non-ligated, unphosphorylated integrin 
clusters and has shown to play a key role in both adhesion and actin dynamics and 
cellular proliferation. 32,50,70 As FAK clusters into adhesions, the molecules cross-
phosphorylate themselves creating distinct binding sites for members of the Src family 
of tyrosine kinases. 79 The bound Srcs in turn phosphorylate FAK at specific residues 
creating docking platforms  for additional signaling molecules that allow for FAK 
mediated control over Ras and MAPK pathways that in turn modulate changes in gene 
expression and protein activity to induce changes in cell behavior. 79 Furthermore, the 
Src kinases have also been shown to regulate force generation by inhibiting cytoskeletal 
interactions with adhesion components and Src knockout cells do not spread well. 74 
This direct link with FAK may provide FAK the ability to disassociate adhesions by 
interacting with Src to disassemble cytoskeleton linkage to adhesion sites, as FAK null 
cells display highly increased levels of adhesion formation and impaired motility. 32 The 
reintroduction of FAK leads to the dynamic assembly of actin and adhesion sites thereby 
reinstating normal spreading and motility. 32 Surprisingly, the distributions of vinculin, 
paxillin, and talin remain unaffected during the knockout and reinstatement of FAK, 
hinting that integrin ligation is unaffected. 32 This implies that Src family kinases provide 
the necessary linkage between cytoskeletal components and adhesion sites and that the 
dynamic relationship of these components is regulated by FAK signaling. More evidence 
of FAK’s role in cytoskeletal linkage has been demonstrated with cells lacking Shp2. 80 
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These cells display a higher density of small focal complexes deficient in α-actinin. 80 
Force-dependent strengthening of these adhesion sites correlated with α-actinin 
assembly and decreased adhesion site dynamics and it was demonstrated that FAK 
played an important role in regulating this process. 80 
FAK is a rather complicated molecule and displays sensitivity to both the extent 
and location of phosphorylation. Phosphorylation of specific residues induces 
interactions with specific signaling molecules thereby giving FAK the ability to control 
cell behavior depending on its state or local of phosphorylation. While it has been 
shown that FAK null cells can not move, 32 many cancers overexpress FAK leading to 
overly increased motility states. 79 A link between cell proliferation and FAK has also 
been established. 50 The overexpression of FAK leads to growth arrested or uncontrolled 
cell proliferation, 50 again indicating its possible role in cancer. Surprisingly, FAK null cells 
also display unregulated proliferation, but if non-phosphorylatable forms of FAK are 
inserted, proliferation control is re-established. 50 These findings demonstrate that FAK 
plays multiple roles in proliferation, if it is not there or over-expressed, proliferation is 
greatly increased; if it is present but inactive then proliferation is regulated. 50  
 
Other Possible Force-Mediated Signaling Mechanisms 
It was discovered that the unbinding kinetics of zyxin are increased when force is 
dissipated at adhesion sites 59 thereby allowing it to move to the nucleus and alter gene 
transcription of endothelin-B receptors. 81 The combined increased expression of 
endothelin-B receptors on smooth muscle cells (SMCs) and release of endothelin-B from 
endothelial cells in response to tissue injury results in vascular remodeling. 81 This 
coordinated response between SMCs and ECs demonstrates how changes in applied 
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force at adhesion sites can lead to changes in gross cell behavior and to physiological 
changes in tissue. Another possible mode of force-mediated signaling is from the 
application of local stresses on the cell membrane at adhesion sites that could possibly 
open stress sensitive ion channels thereby increasing the influx of Ca2+ at cellular 
adhesion sites. 82-84 Whether this increased influx is due to cytoskeletal tension applied 
on the membrane, direct association of ion channels with integrins, or other possible 
mechanisms  remains unresolved. 
 
Summary 
In summary, there appear to be many possible force-mediated signaling 
mechanisms that can influence signaling both locally, at the sites of adhesion, and 
globally throughout the cell. In reality, the combination or “synergistic” interplay 
between these multiple mechanisms and between other signaling mechanisms like 
soluble factor binding is what ultimately controls cell behavior. Despite the fact that all 
of the relationships between intracellular force generation and adhesion site maturation 
are still not fully understood, their importance in governing intracellular signaling 
cascades and their implications on gross cell behavior are obvious. As new cell 
engineering techniques are needed to meet the demands of biomedical applications, 
scientists have started probing the possibility of regulating adhesion formation as a tool 
for cell engineering purposes. 1 So the question becomes, How can you engineer 
surfaces to induce desired cell behavior? Insight into answering this question is 
discussed in the following section. 
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2.5 Engineering Cell Behavior via Cell-Surface Interactions 
Much research in recent years has focused on cellular interactions with 
biomaterials structured on the macro and micrometer length scales. Although 
subcellular in size, these material structures that confine cell adhesion to desired 
regions of controlled size have shown profound influences on cellular proliferation, 
motility, and stem cell differentiation. 85-92 Recent studies employing biomaterial 
surfaces that control cellular adhesion on the molecular and supramolecular scales have 
also demonstrated interesting influences on cellular behavior. Surfaces presenting 
adhesion peptides in varying densities, with different peptide to peptide spacing, 
surfaces that present clustered adhesion peptides, and surfaces with varying 
topography on the nanometer scale have all been used to gain insight into adhesion 
formation and subsequent downstream cellular effects induced by manipulating 
adhesion properties. 93-99 This section discusses some of the findings linking adhesion 
and cell behavior using engineered surfaces with controlled properties. 
2.5.1 Protein Influence on Cell Behavior: Concentration, Orientation, Spatial 
Arrangement, and Adhesive Area 
Protein Influence  
Since integrin expression is regulated by which peptide binding sequences are 
available for cell attachment, and integrin expression, adhesion composition, and 
signaling are linked, the most straight forward way to engineer cell behavior is to change 
the protein that cells adhere to. This approach has been used to induce capillary 
morphogenesis of ECs. 100 ECs seeded on collagen form capillary-like structures through 
increased activation of Src kinase and Rho GTPase pathways via association with β1 
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integrins. 100 Culturing of ECs on laminin induces increased Rac activation and the cells 
do not undergo any morphological transformations. 100 These differences in cell 
behavior can be directly linked to differences in signaling cascades initiated by changes 
in adhesion composition. A detailed explanation of each ECM component’s influence on 
signaling and cell behavior with respect to angiogenesis is reviewed in detail in Ref 
100. 101 
 
Protein/Ligand Concentration Influence 
While different proteins have an influence on adhesion composition and 
associated signaling cascades, cells also display dose-dependent responses to 
concentrations of single proteins. Rather than probing chemical influences on cell 
behavior, these studies explore how varying surface protein concentrations influence 
cell adhesion and give insight into how cells respond to these surfaces with respect to 
adhesion formation, cell spreading, proliferation, and motility. It has been shown that 
varying levels of adhesion peptide density, GRGDY and GRGDSP, as well as varying 
concentrations of full proteins have an influence on cell adhesion, spreading and 
proliferation. 98,102 Both fibroblasts and ECs display a relationship between ligand 
surface concentration and cell spreading. 98,102 Fibroblasts achieve maximum spreading 
when the peptide density is at least 6 ligands/µm2 (12,000 ligands/cell) with a 
corresponding peptide to peptide spacing of 440 nm. 98 While these low peptide 
densities supported cell spreading they did not induce the formation of well-defined 
focal adhesions or stress fibers, yet cells were still able to make focal contacts, an early 
form of cell adhesion. Cells seeded on surfaces with higher concentrations of ligand did 
not spread more yet they did form large focal adhesions and assembled a well organized 
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actin fiber network. 98 The results imply that focal contact formation into well-defined 
adhesion sites requires a peptide to peptide spacing of at least 140 nm. 98 Further 
investigations into the relationships between protein concentration, cell spreading, and 
proliferation have shown that cell spreading and proliferation are directly linked. 102 
Both spreading and proliferation are greatly impaired in cells seeded on surfaces 
displaying low surface concentrations of FN, less than 550 FN/µm2. 102 The idea that 
protein surface concentration is important in regulating proliferation is somewhat true 
but misleading. In fact, it seems that the ability of a cell to quickly cluster integrins to 
form well-defined adhesions is more important for initiating cell attachment 6,99 and 
maintaining long term proliferation, regardless of the protein surface density. 74 Studies 
older than 10 years or so concerning the relationship between protein surface density 
and cell behavior are not entirely accurate due to the lack of micro- and nanofabrication 
techniques to precisely place proteins in desired locations, although attempts to 
produce well-defined areas of ECM were undertaken. 102  
The idea that the local density of ligands is more important than the overall 
density has been suggested. To date, Spatz et al. have performed studies with the 
highest precision over RGD placement on a surface to probe cell adhesion and 
spreading. 99 Using micelle nanolithography, cyclic RGDfk peptides were spaced either, 
28, 58, 73, or 85 nm apart. It was demonstrated with a number of cell types (MC3T3 
osteoblasts, REF52 fibroblasts, 3T3 fibroblasts, and B16 melanocytes) that an integrin 
binding spacing greater than 58 nm resulted in highly decreased cellular attachment and 
spreading, and led to a reduction of well-defined focal adhesions and stress fiber 
networks. 99 To separate integrin spacing from ligand density influences, “micro-
nanostructured surfaces” presenting the same ligand spacing but varying overall 
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densities were created with additional e-beam lithography steps. 99 Fibroblast adhesion 
to these surfaces demonstrated that integrin clustering is much more important than 
overall ligand density to induce focal adhesion formation, cytoskeletal organization, and 
subsequent cellular attachment. 99 Since all of the cell types utilized in this study 
exhibited the same phenomenon, it seems that a universal trend exists for adherent 
dependent cells and that integrins can not be linked or provide the necessary docking 
platform for the recruitment of adhesion components when spaced further than 60 to 
70 nm apart. Interestingly, this integrin spacing corresponds to the typical range of sizes 
and repeats found in key adhesion molecules such as fibronectin, collagen, and talin. 79 
The results discussed in the work presented here verify that local ligand density and the 
ability to quickly cluster integrins to form adhesions is more important for initial cell 
attachment and long term proliferation than the overall surface density of ECM. 6 
 
Cellular Corals to Control Cellular Adhesion Area 
Since the type, spacing, and density of adhesive ligands has an influence on 
adhesion formation, it makes sense that the total adhesive area presented to cells for 
attachment may also have an influence by limiting the number of adhesions formed. 
Elaborate studies using soft lithography 103-106 to direct the placement of thiols, 107-109 
full proteins, 110,111 or cells 112 have allowed for the exploration of the relationship 
between total adhesive area and the underlying geometry of adhesive proteins on the 
micrometer scale and the influence of these parameters on cell behavior. Microcontact 
printing studies have shed light on the relationship between total adhesive area and 
downstream cell behavior and indicate that for cells to maintain their function in culture 
they should feel as though they are in physiological relevant tissue. 113 As the total 
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available area of adhesion increases , so does proliferation, while cell function 
simultaneously decreases. 113 Furthermore, long term cell function can be maintained by 
confining cells to small adhesive areas during which proliferation is suppressed. 113 This 
implies that proliferation and de-differentiation of cells is tightly linked and is supported 
by other studies with similar conclusions, 85,113-118 although it should be noted that 
increased cell proliferation may be indicative of a specific phenotype for certain cell 
types. Studies with ECs have shown that these cells respond to the geometry of the 
available adhesive area. 85 Cells can be coerced into switching between growth, 
apoptosis, and differentiation by simply changing the geometry of the presented 
adhesive area. 85 If ECs are seeded on small ECM islands, less than 500 µm2, then the 
cells undergo apoptosis, if greater than 1,500 µm2 proliferation is induced, and if 
intermediate values of area are displayed for attachment created by using 10 µm wide 
lines, then ECs shut off apoptosis and proliferation and form capillary tube-like 
structures with a central lumen. 85 Furthermore, if line widths are increased to 30 µm, 
then no capillary formation is induced and the cells behave as if on large islands and 
display increased proliferation. 85 Further studies into these relationships have 
confirmed that the underlying adhesive area and geometry allows for geometric control 
of cytoskeletal formation, FN deposition, and ultimately cell life and death. 90,119 
 
Surface Chemistry Control over Fibronectin Confirmation 
The influence of changing whole proteins or the concentration of a single type of 
protein on cell behavior and how cells sense and respond to spatial arrangement of 
proteins or adhesive peptides have been discussed. The following section describes how 
surfaces can be tuned to induce alterations in the functional presentation of major 
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integrin binding domains of adsorbed FN and how these changes can be harnessed to 
induce changes in cell proliferation and differentiation.  
The shape of absorbed FN is influenced by the surface properties of the 
underlying material. Adsorption of FN to hydrophobic surfaces induces a compact 
confirmation, while an elongated strand-like confirmation is observed on hydrophilic 
surfaces. 120 This phenomenon is the underlying principle in modulating integrin binding 
activity to FN adsorbed to materials with varying levels of surface energy. In general, the 
more compact form should hide various integrin engagement sites while the elongated 
form should leave most of these sites accessible for integrin binding. Conformational 
changes of FN as induced by the surface energy properties of the underlying chemistry 
influence the quantity of bound α5β1 integrins but have little influence on αvβ3 
integrins. 114,118 Using alkanethiol SAMs on gold with varying functional groups it was 
shown that the elongated FN shape on hydrophilic surfaces allows for increased binding 
of α5β1 integrins compared to the compact form on hydrophobic surfaces. 121 The 
induced changes in integrin binding led to changes in focal adhesion composition and 
site specific levels of FAK phosphorylation. 117 Higher concentrations of talin, alpha-
actinin, paxillin, and tyrosine-phosphorylated proteins coincided with increased α5β1 
integrin binding. 117 Furthermore, adhesions formed on hydrophilic surfaces rich in α5β1 
integrins with high levels of FAK phosphorylation resulted in increased proliferation and 
adhesion strength. 114,117,118 Interestingly, proliferation and differentiation show 
opposite trends with respect to integrin expression, similar to the trends observed on 
micropatterned surfaces. Using myoblasts and osteoblasts it was demonstrated that 
proliferation decreases with decreasing levels of α5β1 integrins while differentiation 
increases as αvβ3 integrins become the dominant mechanism of attachment. 114,117,118 
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These studies indicate integrin-type dependent signaling pathways that can have 
influence over proliferation, differentiation, and adhesion strength. It is interesting that 
increased adhesion strength coincides with increased FAK phosphorylation and higher 
levels of structural and adaptor proteins and points to the relationship between 
intracellular force generation and the initiation of specific signaling cascades.  
 
Summary 
Through the studies described in this section, it is clearly evident that many 
aspects of protein presentation can influence integrin usage and adhesion composition, 
and that these changes can induce profound changes in cell behavior. Incorporating 
these findings to engineer biomaterial surface properties with respect to the surface 
energy and geometric display of adhesive ligands could be harnessed to engineer cell 
behavior on the material itself. Further insight into the mechanical properties of 
biomaterials and how varying levels of elasticity can be sensed by cells and used to 
control their behavior is discussed in the following section.  
2.5.2 Elastic Surfaces 
Various approaches to control cell behavior via cell-surface interactions with 
surfaces that manipulate protein properties have been discussed. Another aspect of 
surfaces, in particular elasticity, is reviewed in the following section. This section 
discusses  how surfaces with varying elasticity influence cell behavior and how they may 
produce more in vivo like cell responses. Most studies regarding cell adhesion and its 
influence on cell behavior have been conducted on 2-D rigid surfaces but these studies, 
while 2-D in nature, mimic the elasticity of natural ECM.  
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Cells display the ability to sense elasticity to a depth of approximately 0.5 to 
1 µm as indicated by cell spreading studies on thin, soft films. 122 Since the generation of 
intracellular force results in the production of traction forces, then very soft surfaces 
should not be able to resist applied cellular forces at adhesion sites and should 
therefore impose the opening or activation of force-sensitive adhesion components 
such as vinculin, talin, and pp60src as discussed earlier. If these components can not be 
activated on soft surfaces or are partially activated on surfaces with medium levels of 
elasticity then there should be some influences on adhesion and cytoskeletal formation 
and the associated signaling cascades that regulate cell behavior, and indeed there are.  
Cells cultured on soft substrates display diffuse and highly dynamic adhesions as 
opposed to cells on rigid surfaces that form larger, more static adhesions. 39,40,123 While 
traction forces increase linearly with increasing substrate stiffness and focal adhesion 
size, cell motility displays a biphasic relationship with substrate stiffness. 71,124,125122,123 
Studies with elastic surfaces have shown that faster cells with smaller adhesions apply 
lower levels of traction force than well-spread static cells with large adhesions. 124 Other 
studies have shown that nascent adhesions at the leading edge can apply very high 
forces that are not proportional to their size indicating that the location of small 
adhesions may be an important parameter to include in traction studies. 53,60 The 
increases in applied force and adhesion size on more stiff surfaces coincide with 
increased tyrosine phosphorylation of adhesion proteins. 126 Studies show that dynamic, 
diffuse adhesions in ECs cultured on soft substrates correspond to more diffuse actin 
networks and these cell shows suppressed formation of actin stress fibers. The 
formation of larger static adhesions on hard surfaces corresponds to the formation of 
dense, thicker actin stress fibers. These differences in adhesive and cytoskeletal 
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properties as induced by surfaces with varying elasticity must be force dependent since 
there were observed differences in the amount of traction force produced. 39,40,123 More 
proof that cytoskeletal organization depends on substrate stiffness comes from the 
finding that there is a range of stiffness that results in an optimal setting for the striation 
of actomyosin in muscle cells and not surprisingly, the optimal elasticity value found 
experimentally matches that of natural muscle tissues . 127,128  
Since cells recognize and respond to the underlying matrix elasticity, can creating 
surfaces with varying elasticity be used to harness cell behavior? Experiments involving 
differentiation of naive mesenchymal stem cells revealed that stem cell differentiation 
can be directed by varying levels of matrix elasticity. 122 The seeded cells took on 
phenotypes relating to elasticity measures similar to in vivo tissues; cells on soft 
matrices became neurogenic, whereas cells on hard matrices became osteogenic, and 
cells cultured on surfaces with intermediate elasticity became myogenic. 122 In the first 
week of culture, this elasticity guided differentiation could be reversed using soluble 
factors but after several weeks the cells had committed to specific lineages and could 
not be reverted with soluble factors. 122 The blocking of myosin activity inhibited the 
matrix elastic driven differentiation thereby implicating the importance of intracellular 
force generation in this process. 122 The stiff substrates promoted adhesion site growth 
and increased expression of α-actinin, filamin, talin, and FAK. 122 Actin formation 
followed the same trend as adhesion formation, less actin on soft surfaces and less 
concentrated adhesions. 122  
These studies show the importance of intracellular force generation on signaling 
and provide further evidence of force-mediated signaling within cellular adhesion sites 
and hint towards the existence of a force sensitive molecular component in adhesion 
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sites that controls cellular signaling cascades in a force dependent manner as discussed 
earlier. 
2.5.3 Nanostructured Surfaces 
While many interesting results have come from using surfaces structured on the 
micrometer scale, the explosive interest in nanotechnology and its applications to 
biotechnology have led to the fabrication of nanostructured surfaces for exploring cell 
interactions with nanoscale features. Although many nanopatterning techniques exist, 
relatively few have been implemented for detailed cell studies and most studies have 
been performed only on surfaces displaying nanoscale topography, not surfaces that 
provide direct control over adhesion site growth as presented here. 
 
Nanotopographical Surfaces 
Nanotopographic surfaces for studying cell behavior have been fabricated using 
polymer demixing, 129 embossing, 129 photolithography, 129,130  reactive ion etching, 131 
colloidal lithography, 132-134 cast molding, 135 and electropolishing, anodizing, and acid 
etching of metallic surfaces. 136 It has been shown that numerous cell types recognize 
and react to nanotopography, including alignment to grooves, 130 and compared to flat 
surfaces, cells exhibit decreased adhesion site formation, decreased adhesion strength, 
and reduced spreading on nanopit arrays 137-139 as well as increased cell adhesion, 
spreading area, and cytoskeletal formation on raised nanopatterns. 93,140 Increased 
filopodia formation, 141,142 Rac localization to the cell periphery, 93 and an upregulation 
of genes associated with cell signaling, proliferation, cytoskeletal components, and the 
production of ECM 140 have all been documented on nanotopographical surfaces. While 
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ECs and fibroblasts show increased cellular responses, as indicated in the previous 
sentence, to decreasing nanotopography, 93 osteoblasts behave oppositely, displaying 
increased adhesion, proliferation, and func tion with increasing topography. 135,136,143-145 
There is some discrepancy in these observations and others have reported that a 
combination of nano- and microtopography is necessary for increased proliferation in 
human bone-derived cells (MG63 cells). 136 Furthermore, the observed increases in 
osteoblast proliferation on nanotopographic surfaces may be a consequence of 
enhanced vitronectin adsorption rather than a consequence of topography. 145  
Although surfaces with varying levels of nanotopography have given insight into 
the effects of nanoscale features on cellular behavior, without the use of chemical 
modifications they do not provide a basis for understanding how surface chemistry and 
the confinement of ligands to small nanoscale islands influences  cellular behavior.  
Furthermore, there are indications that changes in nanotopography induce the 
adsorption of specific proteins, implying that the observed changes in cell behavior on 
nanotopographical surfaces may be reflective of the type or density of protein present 
and not a consequence of changes in topography.  
 
Chemically-Defined Nanopatterned Surfaces 
Micropatterning of proteins to form adhesive islands of varying size, spacing, and 
geometry have been implemented to demonstrate the influence of adhesive area and 
underlying spatial geometry on cell behavior. The extension of protein patterning 
techniques to the nanoscale has been much more difficult and while many 
nanofabrication techniques exist relatively few have been implemented for systematic 
cell studies.  
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Over the past few years there has been intense interest in creating surfaces that 
display nanometer-sized features of isolated biological molecules, namely DNA and 
proteins, for a broad range of applications. While many existing fabrication techniques 
can produce arrays of biological material with high precision and accuracy, only a limited 
number fit the necessary criteria for detailed cell-adhesion studies. To investigate cell-
surface interactions, more specifically integrin engagement and focal adhesion 
formation, it is crucial that the surface fabrication process provide the ability to place 
the desired adhesion ligand in clusters with a range of sizes, since adhesion sites can be 
as small as three integrins binding to three RGD sequences or as large as clusters of 
thousands of integrins spanning lengths of 10 µm or more. Micelle nanolithography and 
variations of electron beam and AFM based lithography techniques provide the highest 
precision in creating very small areas of patterned SAMs or proteins. 99,146-148 While 
micelle nanolithography has proven to be a powerful technique for exploring individual 
interactions of immobilized RGD sequences with integrins, it does not allow for the 
formation of larger adhesion sites that incorporate the interactions of many integrins 
with the surface unless further e-beam lithography steps are applied. Even then, it 
neglects cell interactions with full FN proteins, a dynamic interaction that may influence 
cell behavior upon the exposure of cryptic binding sites through cell-induced 
stretching. 43 
Other techniques promise to be useful for cell analysis, but so far have not been 
implemented. These include capillary or imprint lithography with PEG, 149 molecular 
assembly patterning by lift-off (MAPL), 150,151 and variations of NSL. 152,153 Protein and 
cell adhesion have been observed on PEG pillars, but due to the repulsive properties of 
PEG, the level of cell adhesion was significantly lower than adhesion to similarly treated 
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glass surfaces. 149 It is still a challenge, however, to produce nanopatterned dual-
functional surfaces that are large enough for statistical cell studies. Serial lithography 
techniques such as dip-pen nanolithography, 154-158 other scanning probe lithography 
techniques, 159-162 and electron beam lithography 146-148 are too time consuming in their 
fabrication to allow for systematic cell studies, although parallel versions of dip-pen 
nanolithography are being developed. 158  
Parallel patterning techniques such as imprint lithography, 163,164 micelle 
nanolithography, 165,166 particle lithography, 167 and capillary lithography 149 are better 
suited for quickly fabricating nanostructured surfaces over large areas.  For controlled 
chemical functionality at the nanometer scale, these fabrication processes have to 
create surface nanopatterns of ECM components, either full proteins or peptide 
sequences, which are adsorbed or covalently linked to the surface in nanometer-sized 
patches surrounded by a passive background, a background that does not support 
protein adsorption or cellular attachment. 
To date, only three of these nanopatterning strategies have been used for cell 
adhesion experiments. 99,149,156,168 It has been demonstrated that surfaces presenting 
nanopatterned proteins support cell adhesion. 149,156 Furthermore, adhesion strength is 
increased and cells show higher motility on small clusters of RGD peptides compared to 
equivalent densities of homogeneous distribution, although only statistical averages of 
cluster distances could be controlled. 97,169,170 To date, only micelle nanolithographic 
patterned surfaces are able to control the placement of individual integrins. With these 
surfaces it was revealed, for several cell types, that an integrin spacing grater than 
58 nm significantly decreased cellular attachment and spreading and led to a reduction 
of well-defined focal adhesions and stress fiber networks. 99 It was also shown that 
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integrin clustering is more influential than ligand surface density for cellular adhesion, 
focal adhesion formation, and cell survival. 99 Recently these surfaces were 
implemented to study the influence of integrin spacing on focal adhesion dynamics, cell 
spreading, and cell motility. 168 Cells cultured on surfaces with RGD peptides spaced 
108 nm apart exhibited delayed spreading, erratic, non-persistent, and higher levels of 
migration, and reduced levels of zyxin incorporation into adhesion sites compared to 
surfaces with 58 nm RGD spacing or homogenously RGD coated surfaces . 168 
Furthermore, increased spacing between integrins induced the formation of highly 
dynamic adhesion sites and at early time points, reduced levels of cytoskeletal 
formation. 168 The simultaneous discovery of low levels of adhesion associated zyxin and 
reduced cytoskeletal formation 168 confirms earlier studies relating increased zyxin 
dissociation from adhesion sites to reductions in applied force. 59 
 
Summary 
The topics covered in this section shows that nanopatterning of RGD peptides to 
control integrin spacing and clustering events can have a profound influence on 
adhesion composition, cytoskeletal formation, adhesion strength, and cell motility. 
While these studies give some insight into adhesion formation, the ability to cluster 
integrins into larger sites with well-controlled size and spacing may be useful in 
discovering the influence of limiting adhesion site size or maturation on downstream 
cell behavior. 
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2.6 Discussion 
The cell adhesion process including the maturation of adhesions, generation of 
intracellular forces, application of traction force, and force-mediated signaling are all 
related and together form a complex feedback mechanism based on force-mediated 
unfolding of adhesion proteins and their interplay with signaling molecules. Harnessing 
control of intracellular signaling cascades by implementing surfaces that manipulate cell 
adhesion on both the micro and nanometer length scales have shown to have profound 
influences on cell behavior. While much knowledge about the influence of integrin 
spacing and clustering has been attained with surfaces presenting very small nanoscale 
features, there have not been any experimental investigations to analyze the range of 
cluster sizes from 40 to 300 nm, corresponding to about 4 to 250 FN per adhesion 
cluster. This size range could be key to understanding the importance of the immediate 
aggregation seen with ligand trimers, 171 the different levels of integrin activation found 
at early adhesions, 172 and the early processes in the maturation of focal complexes into 
adhesions during motility 173 and spreading. 174 One would therefore also expect 
adhesions restricted to the size range of 40 to 300 nm to allow for an important range of 
forces per adhesion cluster and the impact on cell adhesion, cytoskeletal development, 
and cell motility to be investigated. 
This work introduces a nanopatterning technique based on nanosphere 
lithography (NSL), 175,176 which has been used as a template for the fabrication of 
protein 167 or chemical arrays, but here is expanded to use orthogonal functionalization 
to tightly control the growth of cellular adhesion sites with respect to their size. The 
technique allows for the production of large surface areas (cm2) of nanoislands whose 
size and spacing is controlled by the sphere diameter and by the use of monolayer or 
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bilayer mask configurations. 167,176,177 Thiolated gold nanoislands surrounded by 
poly(ethylene glycol) (PEG) passivated areas were adsorbed with FN. Full-length FN 
proteins instead of RGD-containing peptides were used for these studies so that the 
synergistic and cryptic integrin binding domains could be included in the adhesion 
studies, as these domains are necessary for the formation of fully mature fibrillar 
adhesions. Since the goal of this project is to present well-defined nanoscale FN 
adhesion sites for cell attachment, the surfaces were characterized using X-ray 
photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and cell-seeding 
studies to show that FN adsorbs specifically to the nanopatterned islands but not to the 
PEG-treated background. Surfaces with varying adhesion site properties with respect to 
size, spacing, and overall density were implemented to characterize the influence of 
limiting adhesion site size on focal adhesion formation, cytoskeletal formation, 
spreading, proliferation, and motility. This combination of nanopatterning and dual 
surface functionalization provides an experimental platform that can be used for future 
studies relating adhesion site maturation and intracellular force generation to changes 
in adhesion site regulated signaling cascades. 
2.7 Conclusion 
Combining all of these factors together, one can see that focal adhesions and 
their associated protein complexes are major regulators of cellular attachment, 
cytoskeletal arrangement, and overall cell behavior controlled via adhesion-mediated 
signaling cascades leading to different cellular phenotypes. By manipulating cellular 
adhesion sites through cell-surface interactions with engineered surfaces, one can 
design biomaterials that induce a desired phenotype in adherent dependent cells. 
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Unfortunately, a number of existing studies disagree as to which ligand spacing, density, 
and clustering parameters are important in eliciting varied cellular responses. 98,99 This 
may be due to the lack of precise control over ligand placement and the use of statistical 
analysis to determine the surface chemical properties. Fabrication techniques that allow 
for the production of surfaces with direct control over both nanotopography and 
chemical functionalization allow for the independent investigation of surface properties 
on cellular behavior. The focus here was to study changes in gross cellular morphology, 
cellular proliferation, motility, cytoskeletal organization, and intracellular signaling 
induced by changes in binding and aggregation events to determine how varying focal 
adhesion nanogeometry can be harnessed to induce changes in cell behavior and EC 















The goal of the work presented here is to gain an understanding of how limiting 
adhesion site size via cell-surface interactions with chemically-defined FN nanoislands 
can limit adhesion maturation and to explore how this adhesion control can be 
implemented to modulate changes in cell behavior. To achieve this goal a fabrication 
scheme to produce nanometer sized protein or peptide islands against a non-adhesive 
background that provides direct control over adhesion site size had to be determined. 
While the fabrication of micrometer sized ECM islands is relatively easy using soft 
lithography techniques such as microcontact printing, 103-112 translating this idea to the 
nanometer length scale has proven to be quite difficult. Even though many 
nanopatterning techniques exist, 92,139-161 most are serial in nature and if implemented 
for these studies, would take too much time to create enough samples to perform all of 
the proposed experiments. A nanopattern fabrication technique to perform the 
proposed experiments must meet several requirements. The fabrication process should 
allow for precise control over the nanopatterns with respect to their size, spacing, 
topography, and overall surface density, as all three parameters influence cell adhesion 
and behavior. The technique should also allow for the formation of chemical contrast 
between the adhesive areas and background, thereby providing the ability to isolate 
proteins or specific peptide sequences into well-defined nanoislands. The chemically-
defined nanoislands should be the only biologically active part of the surface; the cells 
should not be able to interact with the supporting background. The technique should 
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also allow for the fabrication of large surface areas of nanopatterns to be produced so 
that many cells can be analyzed in one experiment to gain enough data for statistical 
analysis and finally, the technique should allow for quick production time at low costs so 
that many variables can be changed for systematic studies.  
To meet these demands nanosphere lithography was implemented. NSL is a 
parallel, self-assembly nanofabrication method that allows for the creation of well-
defined metallic nanopatterns of controlled topography, size, and spacing on a glass 
support. The fabrication technique was invented by Dunsmuir in 1982 and at the time 
coined, “natural lithography”. 175 In 1995 van Duyne started implementing the 
technique to create surface plasmon based sensors and changed the name to 
nanosphere lithography. 177 Due to its versatility, low cost, and relative ease of 
implementation, the technique and variations of it have been used to create chemical 
and protein patterns, several types of biosensors, and to create surfaces for guided 
nanotube growth. 145,160,169,171-178 This chapter details the ins and outs of NSL and the 
characteristics of the nano-composite surfaces that were created using this fabrication 
process.  
3.2 Materials and Methods 
3.2.1 Nanopattern Fabrication 
Plain microscope glass slides (Erie Scientific Company, Portsmouth, NH) were 
cleaned in piranha solution (H2SO4:H2O2 3:1) (Fisher Scientific, Pittsburgh, PA) for at 
least 20 minutes at 85 °C. The slides were thoroughly rinsed with distilled de-ionized (DI) 
water (Barnstead International, Dubuque, IA) to remove residual acid. NSL was used to 
create the nanopatterns. Briefly, polystyrene spheres (Duke Scientific, Fremont, CA) of a 
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chosen diameter were dialyzed for 48 hours, using a 10,000 MW cutoff membrane, 
(Pierce Biotechnology Inc., Rockford, IL) following the sphere manufacture r’s 
instructions, to remove unwanted surfactants and then deposited in either a monolayer 
or bilayer configuration onto a clean glass surface using a custom-built capillary 
deposition machine similar to References 178 and 179. 178,179 Two nanometers of 
chromium (Cr) (R.D. Mathis, Long Beach, CA) and 8 nm of gold (Au) (Alfa Aesar, Ward 
Hill, MA) were thermally evaporated onto the surfaces (Denton Vacuum, Moorestown, 
NJ). After metal deposition, the spheres were removed by sonication in methanol and 
the resulting nanopatterned surfaces were imaged with AFM and SEM to determine the 
individual island sizes, areas, spacing between islands, and percent surface coverage. 
Refer to Figure 3.1 for a schematic of the NSL fabrication process and representative 
images of M- and B-type surfaces. 
3.2.2 Optical Microscopy of NSL Surfaces 
After nanosphere deposition, the surfaces were examined in both phase-
contrast and dark-field modes using a Leica DM IRB inverted microscope (Leica 
Microsystems, Wetzlar, Germany) to visually determine areas of acceptable mask 
formation. After inspection, the desirable surface areas were outlined with a scalpel to 
produce Au lines around the useable nanopatterned areas, thereby making it easy to 
locate cells on “good” nanopatterned areas during experiments.  
3.2.3 Nanopattern Imaging and Characterization 
Atomic force microscope images were acquired using a MFP-3D AFM (Asylum 
Research, Santa Barbara, CA). Standard silicon cantilevers, AC240TS (72 kHz, Olympus 
Optical, Japan) were used for alternating current mode imaging, and non-conducting 
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silicon nitride sharpened cantilevers (Veeco Metrology, Santa Barbara, CA) were used 
for contact mode imaging. Image processing, analysis, and 3-D enhancement were 
performed using MFP-3D software in Igor Pro 5 (WaveMetrics Inc., Lake Oswego, OR) 
and with ImageJ (NIH, Bethesda, MD). The individual island size/characteristic length, 
island area, island-to-island spacing, topography, and percent surface coverage were 
measured using the AFM images without performing tip deconvolution.  
Scanning electron microscopy (SEM) images were acquired using a Leo 1530 
scanning electron microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY). Two 
nanometers of Cr (R.D. Mathis, Long Beach, CA) and 15 nm of Au (Alfa Aesar, Ward Hill, 
MA) were thermally evaporated onto the nanopatterned surfaces (Denton Vacuum, 
Moorestown, NJ) after the initial metal deposition and sphere removal. Since the SEM 
allows for larger surface areas to be imaged than AFM, the SEM images were used to 
quantify and verify the AFM measurements for the percent surface coverage of the 
nanopatterns. Refer to Table 3.1 for a list of the nanopattern properties created using 
























1500M 1,500 405 ± 41 883 ± 51 {478} 85,653 ± 17,044 
1500B 1,500 222 ± 25 1,534 ± 19 {1,312} 46,550 ± 7,548 
1000M 1,000 305 ± 39 589 ± 27 {284} 55,923 ± 7,273 
0820M 820 255 ± 24 470 ± 22 {215} 37,049 ± 4,974 
0820B 820 201 ± 48 830 ± 22 {629} 12,395 ± 6,502 
0500M 500 157 ± 19 285 ± 16 {128} 14,947 ± 2,778 
0400M/0420M 400/420 97 ± 9 253 ± 13 {156} 6,485 ± 686 
0400B/0420B 400/420 102 ± 16 414 ± 12 {312} 4,675 ± 2,481 
0300M 300 94 ± 11 177 ± 13 {83} 5,191 ± 1,298 
0300B 300 92 ± 33 308 ± 11 {216} 3,629 ± 1,013 
0100M 100 28 ± 4 58 ± 7 {30} 499 ± 151 
0100B 100 42 ± 14 106 ± 11 {64} 1,045 ± 601 
Table 3.1: Nanopattern Properties: The pattern names are reflective of the sphere 
diameter used to create the mask and the number of layers of spheres in the mask. M 
corresponds to surfaces created using a monolayer mask and B to a bilayer mask of 
spheres. The table lists the characteristic lengths of the nanopatterns, the center-to-
center spacing, rim-to-rim spacing, and island area as measured using AFM images. The 
nanopatterns cover 7.2 ± 0.4 % and 2.3 ± 0.4 % of the surface for M- and B-type layers 
respectively as determined using both AFM and SEM images. The topography of the 
patterns for all of the surfaces is 10 to 13 nm as measured using AFM images. 
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3.3 Nanopattern Fabrication Procedure: Nanosphere Lithography 
The NSL process allows for the fabrication of nanopatterns with a wide range of 
sizes displaying homogenous topography of a chosen value over cm2 areas. 152,167,175-
177,180,181 Figure 3.1 schematically outlines the process used to create the surfaces and 
depicts representative images of the surface after each step. First, a monolayer or 
bilayer of densely-packed nanospheres is deposited onto the surface with a custom-built 
deposition machine designed and built by Dr. Bongsu Jung (Figure 3.1 A,B). Second, the 
nanospheres are removed and a 2 nm adhesion layer of chromium and an 8 nm layer of 
gold were thermally evaporated onto the surfaces (Figure 3.1 A). This process results in 
an array of truncated triangular pyramids or hexagonal shaped islands of gold in a 
hexagonal or orthorhombic lattice surrounded by glass (Figure 3.1 A,C,D). Third, the 
glass support and gold nanoislands were functionalized to create PEG-terminated silane 
and hexadecane thiol self-assembled monolayers of the glass and gold areas 
respectively, discussed in detail in Chapter 4 (Figure 3.1 A). Finally, the dual surface 
chemistry directs the adsorption of FN to the thiolated Au nanoislands when the surface 
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Figure 3.1: Nanopattern Fabrication and Functionalization Procedure: (A) Schematic 
depicting the nanopattern fabrication process, chemical functionalization, and directed 
fibronectin adsorption to the chemically modified nanopatterns. 3-D AFM images with 
zoomed in inserts of (B) monolayer mask of 500 nm diameter spheres {5 X 5 µm scan} 
(C) 0420M surface {2 X 2 µm scan} (D) 1500B surface {10 X 10 µm scan} (E) 1500M 
surface after dual chemical functionalization and fibronectin adsorption {5 X 5 µm scan} 
and (F) HUVEC seeded on a 0300M surface after the full surface treatment {90 X 90 µm 
scan}. 
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To test whether limiting adhesion site size has an influence on cell adhesion and 
behavior, the ability to fabricate varying sizes of nanoislands with similar overall surface 
densities is needed. With NSL, the geometry and dimensions of the nanopatterns can be 
controlled by choosing spheres of a certain diameter and performing deposition in 
either monolayer or bilayer spherical mask configurations. 177 When a monolayer mask 
is chosen, the resulting triangle size or characteristic length (actual bisector length of 
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The resulting nanopattern utilizing spherical monolayer masks covers 7.2 % of the 
substrate regardless of sphere diameter used. Hexagonal patterns can also be formed 
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and the corresponding center to center spacing is characterized by: 
     DsH =                                                               (3.4) 
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The resulting nanopattern covers approximately 2.2 % of the substrate area, again 
independent of the sphere size. Refer to Figure 3.2 for plots of the theoretical 
nanopattern sizes, spacing, and individual pattern area as a function of sphere diameter 
and mask configuration.  
3.4 Nanopattern Fabrication Results 
After fabrication, the nanopattern properties were analyzed using both AFM and 
SEM. NSL allowed for the fabrication of Au nanoislands with characteristic lengths 
ranging from 28 to 405 nm displaying topographical features from 10 to 13 nm. (Table 
3.1). 6,181 The measured nanoislands were larger than the theoretical estimates 
predicted yet their spacing closely matched theory. The measured characteristic lengths 
(Figure 3.2 A: triangles for M-type layers and dots for B-type layers) ranged between 12 
to 25 % larger than the theoretical values calculated from Equations 3.1 and 3.3 
(Figure 3.2 A: black line at top for M-type layers and black line at bottom for B-type 
layers). Although the characteristic lengths and nanoisland areas were larger than 
expected, the center-to-center spacing was within 2 % of the theoretical values 
calculated from equations 3.2 and 3.4 (Figure 3.2 B: triangles for M-type layers, dots for 
B-type layers, theoretical values shows as black lines on top for B-type and bottom for 
M-type layers). 176,177 The differences in size between theory and actual measured 
values could be attributed to inhomogeneities in the sphere size, non-perpendicular 
metal evaporation, or to convolution effects from the AFM tips. The most likely source is 
from non-perpendicular metal evaporation as the equations do not take metal 
evaporation from angles into account. The measured percent surface coverage of the 
 50  
 
Figure 3.2: Measured versus Theoretical Nanopattern Properties: Measured (yellow 
triangle = M-type layers, yellow dot = B-type layers) and theoretical (black lines) values 
for nanopattern properties as a function of the mask sphere diameter. (A) Characteristic 
lengths of the nanoislands. (B) Center-to-center spacing between the nanoislands. (C) 
Surface area of individual nanoislands. (D) Theoretical maximum number of integrins 
that can bind to one nanoisland, assuming integrin binding area of 100 nm2. Inset in (D) 
reproduced from Reference 8. 8 
nanoislands was 7.2 ± 0.4 % and 2.3 ± 0.4 %, for mono- and bilayers, respectively, and 
closely matched the calculated theore tical values of 7.2 % and 2.2 %. Approximating a 
single integrin binding area of 100 nm2 and tight integrin packing, 95 the nanopatterns 
can theoretically provide cellular adhesion sites that limit the number of associated 
integrins in each adhesion from 5 to 857 integrin bonds (Figure 3.2 D). 
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The NSL process is highly versatile and micrometer sized cellular corals of 
nanopatterned areas can be created using additional traditional photolithography steps. 
Figure 3.3 displays 20 by 20 µm sized squares of 1500M nanopatterns separated by 
20 µm of silane treated glass between each coral. Individual cells or multiple cells can be 
seeded into these corals. The formation of these cellular corals could be useful for 
performing single cell studies for drug screening applications. 
 
 
Figure 3.3: Cellular Corals of Nanopatterns: Additional traditional photolithography 
steps were applied to the nanopatterned surfaces to create 20 by 20 µm cellular corals. 
Phase-contrast images of HUVECs in nanopatterned corals in (B) shows a zoomed in 
region of (A). Scale bar = 20 µm.  
3.5 Discussion 
While the fabrication of surfaces displaying micron-scale features is relatively 
easy to achieve using traditional lithography or contact printing methods, the extension 
into nanometer-scale fabrication of  surfaces for investigating cell adhesion has been 
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much more difficult. Serial lithography techniques such as dip-pen nanolithography, 154-
158 other scanning probe lithography techniques, 159-162 and electron beam 
lithography, 146-148 are too time consuming in their fabrication to allow for systematic 
cell studies. Parallel patterning techniques such as imprint lithography, 163,164 micelle 
nanolithography, 166,182 particle lithography, 167 and capillary lithography 149 are better 
suited for quickly fabricating nanostructured surfaces over large areas but have yet to 
be implemented for systematic cell studies. 
Experimental tools for systematic investigations of adhesion site sizes ranging 
from about 40 to 300 nm, a size range in which a number of critical molecular and 
mechanical processes in cell adhesion may occur, have been missing so far. Here it is 
shown that NSL, a highly parallel self-assembly process, can be used to create large, 
cm2-sized areas of nanopatterns of exactly this adhesion site size range, with defined 
size, spacing, and topography. These nanopatterned surfaces are a composite of two 
materials and can therefore be chemically modified with two distinct chemical 
functionalities to create surfaces displaying nanoislands of ECM components for cell 
adhesion, see Chapter 4 for chemical modification.  
While NSL meets many of the desired requirements to perform detailed 
systematic studies on cell adhesion maturation, it clearly has some limitations. Only two 
pattern size to spacing ratios can be achieved, resulting in a constant average FN surface 
density of 7.2 or 2.2 % for M- and B-type samples, respectively.  Pattern size and spacing 
are coupled, but pattern pairs from M- and B-type surfaces can be created that display 
similar adhesion site areas with varying interadhesion site spacing and vice versa. Since 
spheres are used as the mask, the choice of shapes is strongly limited and mostly 
consists of truncated pyramids and circular disks, a limitation that, however, is unlikely 
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to be important for the goal of adhesion size limitation. Also, as a self-assembly method, 
NSL has defects that could possibly present additional adhesion sites. However, as 
discussed in Chapter 5, there have been minimal effects on cell behavior attributed to 
the inherent defects in the patterns fabricated by NSL. Although the limitations of NSL 
do not have a significant influence on cell behavior in the experiments presented here, a 
second generation of large-scale nanopatterned surfaces created using nanoscale 
orthogonal biofunctionalization imprint lithography (NOBIL), a variation of step-and-
flash nanoimprint lithography (SFIL), has been developed to create defect-free surfaces 
with a wider range of pattern properties. 164 
3.6 Conclusions 
It was demonstrated that NSL can be used to consistently create Au 
nanopatterns with controlled size, spacing, and topography against a glass background. 
Due to the parallel nature of the self-assembly process, surface areas large enough for 
statistically sound cell studies can easily be created in short time periods. Since the 
nanocomposite surface is composed of two materials, a dual chemical functionalization, 
silanes and thiols in this case, can be applied to create surface energy contrast between 
the nanopatterns and supporting background. As discussed in Chapter 4, this energy 
difference can be exploited to direct ECM protein, FN in this case, adsorption to the 
nanopatterns while leaving the background free of protein.  




To create nanoscale cell adhesion sites, the experimental surfaces must be able 
to display ECM proteins or adhesive peptide sequences against a passive or non-
biologically active background. This chapter details how nanoislands of FN were created 
against a passive glass background. Since the surfaces created using NSL are a composite 
of Au and glass; thiols 1,107-109 and silanes, 1,183,184 two relatively well-documented 
surface functionalization molecules were implemented to create surface energy 
contrast between the Au nanopatterns and underlying glass. In this case, the Au 
nanopatterns were functionalized with methyl-terminated thiols and the glass 
background with PEG-terminated silanes. Since the thiols are hydrophobic in nature and 
the PEG a protein repulsive layer, 1 protein exposed to these composite surfaces will 
preferentially adsorb to the thiolated Au nanoislands leaving the glass background free 
of protein. This functionalization method is the crucial step in creating surfaces that limit 
adhesion site growth and maturation and without it protein would adsorb to the entire 
surface and limitations on adhesion site growth would not be imposed.  
The following chapter details the functionalization procedure and explains how 
the creation of FN nanoislands was verified.  A combination of fluorescent microscopy, 
X-ray photoelectron spectroscopy, atomic force microscopy, combined AFM-fluorescent 
microscopy, and cell seeding studies were implemented to show that cells recognize, 
adhere to, and proliferate on the functionalized nanopatterned surfaces and to show 
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that the PEG functionalized background is indeed a protein repulsive layer that inhibits 
cell attachment. 
4.2 Materials and Methods 
4.2.1 Nanopattern Fabrication 
Refer to Sections 3.2.1 and 3.3. 
4.2.2 Dual Chemical Functionalization of Nanopatterned and Control Surfaces 
Nanopatterned surfaces, glass and gold control surfaces, and ½Au - ½glass 
surfaces were exposed to an air plasma at 300 µTorr at approximately 50 W for 
10 minutes (March Instruments Inc., Concord, CA). The slides were then immersed in a 
26.5 mM hydrochloric acid (Fisher Scientific, Pittsburgh, PA), 1 mM hexadecane thiol 
(Aldrich, St. Louis, MO) and 41 mM 2-methoxy(polyethyleneoxy)–
propyltrimethoxysilane (PEG-silane) (Gelest, Morrisville, PA) solution in toluene (Fisher 
Scientific, Pittsburgh, PA) in a self-standing centrifuge tube (Corning, Corning, NY) for 
48 hours with continuous stirring, adapted and extended from Reference 183. 183 The 
samples were vigorously rinsed once in toluene and twice in ethanol, dried with 
nitrogen, and baked at 105 °C for 1 hour. The chemically functionalized nanopatterned 
surfaces were exposed to 3 ml of human plasma fibronectin (Sigma, Saint Louis, MO) 
solution at a concentration of 10 µg/ml in 50 mM HEPES for 20 minutes. Control 
surfaces with varying surface FN densities were created by exposing clean glass and 
functionalized Au surfaces to FN solution at concentrations of 2, 5, 10, 25, and 50 µg/ml 
in 50 mM HEPES for 20 minutes. The protein adsorbed surfaces were thoroughly rinsed 
twice in HEPES solution to remove any excess fibronectin. The functionalized and 
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protein adsorbed surfaces were rinsed three times with DI H2O to remove salts 
deposited from the HEPES solution followed by gentle drying with nitrogen. 
4.2.3 XPS Analysis of Surface Modifications 
A PHI 5700 X-ray photoelectron spectroscopy system (Physical Electronics, 
Chanhassen, MN) equipped with a dual Mg and monochromatic Al X-ray source was 
used at a fixed angle of 45 ° for elemental analysis of the chemically modified surfaces. 
The surfaces were survey scanned to determine the elemental composition percentages 
for Si2p, C1s, N1s, Au4f, and O1s on each surface and S2p on some. High resolution scans 
with a dwell time of 500 ms and a pass energy of 58.7 eV were used to acquire the Au4f, 
N1s, S2p, and Si2p spectra and a pass energy of 11.75 eV was used for the C1s spectra with 
charge correction set to 285 eV for non-conducting samples. Three distinct areas were 
measured and averaged for each sample. PeakFit software (Systat Software, Inc., Point 
Richmond, CA) and a multipeak fitting package in Igor Pro 5 (WaveMetrics Inc., Lake 
Oswego, OR)  were used to fit the high resolution C1s scans with multiple Gaussian 
curves and linear baseline correction to analyze the bond types present within each 
peak. Nine different surface types were examined: (1) dual functionalized gold surfaces, 
(2) dual functionalized gold surfaces with FN adsorbed at concentrations of 2, 5, 10, 25 
and 50 µg/ml, (3) dual functionalized glass surfaces, (4) dual functionalized glass 
surfaces with adsorbed FN at a concentration of 10 µg/ml, (5) plain glass surfaces with 
adsorbed FN at concentrations of 2, 5, 10, 25 and 50 µg/ml, and (6) 0400M, (7) 0400B, 
(8) 0300B and (9) 0300M nanopatterned surfaces that were functionalized and exposed 
to FN at a concentration of 10 µg/ml (see Table 3.1 for nanopattern descriptions). It 
should be noted that even pure gold or glass surfaces were treated with the full 
 57  
chemistry, thiol and silane, to insure that no non-specific interactions took place during 
the functionalization procedure. 
4.2.4 AFM Imaging of Adsorbed FN on Nanopatterned Surfaces 
Nanopatterned samples functionalized with fibronectin were analyzed before 
and after cell seeding. After fibronectin adsorption, following a procedure modified 
from Reference 185, 185 the nanopatterned surfaces were incubated in 1 mM 
bis(sulfosuccinimidyl)suberate (BS3) (Pierce, Rockland, IL), a water-soluble, non-
cleavable, and membrane impermeable crosslinker, at 20 °C for 10 minutes. Un-reacted 
cross-linker was quenched with 20 mM glycine in PBS. Samples that had been seeded 
with cells were treated similarly, with the addition of a cell removal step using 0.2 % SDS 
(sodiumdodecylsulfate) in PBS for 10 minutes after cross-linking. Each surface was finally 
washed three times with PBS and imaged with AFM as described in Section 3.2.3. 
4.2.5 Cell and Reagents 
Pooled and non-pooled human umbilical vein endothelial cells (HUVECs), 
passages 2-4, were cultured in endothelial growth media (EGM) supplemented with 2 ml 
of bovine brain extract, 0.5 ml of human endothelial growth factor, 0.5 ml of 
hydrocortisone, 0.5 ml of gentamicin/amphotericin-B, and 10 ml of fetal bovine serum 
according to manufacturer’s instructions (all reagents and cells: Cambrex Bio Science 
Walkersville, Inc., Walkersville, MD). The cells were grown to 90 % confluence in T-25 
tissue culture flasks that were coated with 30 µg of bovine or human plasma fibronectin 
(Sigma, Saint Louis, MO) at 37 °C and 5 % CO2. Before seeding onto sample slides, the 
cells were trypsinized with 3.0 ml of 0.25 % trypsin and 1 mM 
ethylenediaminotetraacetic acid in PBS at 37 °C for 5 minutes. The cells were collected 
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and centrifuged at 240 g for 10 minutes. The cell pellet was then re-suspended in full 
EGM media and seeded onto the desired substrate at a density of approximately 
40 cells/mm2. 
4.2.6 Fluorescent Immunolabeling and Imaging of Adsorbed FN and Vinculin-
Containing Adhesions 
After 72 hours of incubation, the samples were rinsed with 25 ml of warm PBS-T 
(phosphate buffered saline with 0.02 % Tween 20) and immediately immersed into ice-
cold cytoskeleton stabilizing buffer (CSK) (10 mM HEPES, 0.5 % Triton X-100, 300 mM 
sucrose, 3 mM MgCl2, and 50 mM NaCl, pH 6.8 in DI H2O) for 1 minute. CSK is effective 
in preventing staining of cytoplasmic proteins during fluorescent labeling. The solution 
induces the removal of cytoplasmic proteins from the cell via osmotic pressure 
differences while leaving the cytoskeleton and its components intact 186 and is 
sometimes used for the preparation of cells for fluorescent imaging to prevent staining 
of soluble adhesion components in the cytoplasm. 125,187,188 The samples were removed 
from the CSK and immediately submersed into ice-cold 5 % formaldehyde in PBS-T and 
set in a 37 °C water bath for 10 minutes. The samples were rinsed with 25 ml of warm 
PBS-T followed by a blocking solution of 1 % BSA in PBS for 20 minutes. The cells were 
then labeled with a tri-stain solution {1:50 dilution of FITC-conjugated monoclonal anti-
vinculin (Sigma Chemicals, Saint Louis, MO), 1:1100 dilution of Rhodamine-phalloidin 
(Sigma Chemicals, Saint Louis, MO), and 1:550 dilution of rabbit anti-fibronectin (Abcam, 
Cambridge, MA) in PBS supplemented with 0.002 % Tween 20 and 1 % BSA} overnight at 
4 °C. The samples were rinsed with room temperature  PBS-T and washed in 0.1 % 
Tween 20 in PBS for 20 minutes on a rocker. The samples were exposed to a 1:500 
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dilution of marina blue conjugated goat anti-rabbit (Invitrogen, Eugene, OR) solution in 
PBS supplemented with 0.1 % Tween 20 and 1 % BSA for 1 hour. The surfaces were 
thoroughly rinsed with room temperature PBS-T and washed in 0.1 % Tween 20 in PBS 
for 20 minutes on a rocker followed by a final rinse in DI H2O with 0.02 % Tween 20 and 
dried with nitrogen. A drop of ProLong Gold antifade reagent (Molecular Probes, Inc., 
Eugene, OR) was added and the sample covered with a 24 by 60 mm coverslip (Erie 
Scientific Company, Portsmouth, NH) and secured at the edges with clear fingernail 
polish (Noxell Corporation, Hunt Valley, MD).  
Fluorescent images were acquired using a Zeiss Axiovert 200 ApoTome (Carl 
Zeiss MicroImaging, Inc., Thornwood, NY) inverted microscope equipped with a Zeiss 
Axiocam MRm charge-coupled device (CCD) camera (Carl Zeiss MicroImaging, Inc., 
Thornwood, NY). 
4.2.7 Dual Fluorescent-AFM Imaging of Vinculin-Containing Adhesions 
After 72 hours of incubation, the samples were rinsed twice with PBS followed 
by fixation in 5 % formaldehyde in PBS for 20 minutes at 37 °C. The samples were rinsed 
with PBS and blocked with 1.0 % BSA solution in PBS for 20 minutes and rinsed twice 
with PBS. Samples were then incubated in a vinculin stain solution (1 % by volume of 
FITC-conjugated mouse anti-vinculin in 1.0 % BSA and 0.01 % Tween 20 in PBS) (all 
Sigma, Saint Louis, MO) overnight at 4 °C. The samples were rinsed twice with PBS 
supplemented with 0.01 % Tween 20 and rocked in PBS with 0.1 % Tween 20 for 
20 minutes followed by a DI H2O rinse and nitrogen drying. Fluorescent images were 
acquired with an Olympus IX70 inverted microscope equipped with an X-100 CCD 
camera with InstaGater on-chip integration (Dage-MTI, Michigan City, IN) connected to 
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an MFP-3D AFM (Asylum Research, Santa Barbara, CA). AFM images were collected over 
the fluorescently imaged areas as described in Section 3.2.3. The vinculin-containing 
adhesions in the AFM images were identified by matching the location to that observed 
in the simultaneous fluorescent images and by their increased height above the 
background. Height traces were drawn and the adhesion heights measured using MFP-
3D software in Igor Pro 5 (WaveMetrics Inc., Lake Oswego, OR). For the two cells shown 
in Figure 4.6, each adhesion site’s length (dash adhesions) or diameter (dot adhesions) 
and area were determined from the AFM scans using ImageJ (NIH, Bethesda, MD). 
4.3 Functionalization Procedure 
The nanopatterned surfaces are composed of two materials that allow for two 
separate functionalization chemistries to be applied, thiols for the gold and silanes for 
the glass areas (Figure 3.1). After sphere removal, the surfaces were exposed to an O2 
plasma to produce hydroxyl groups on the glass surface. The hydroxyls are necessary to 
create a high density of coupling sites for the silane self-assembled monolayer. Low-
density PEG-SAMs are not effective in preventing protein adsorption and subsequent 
cellular attachment. For dual SAM functionalization, the freshly oxidized surface was 
immediately immersed in a solution containing the hexadecane thiol and PEG-silane for 
48 hours. Since the oxygen plasma treatment would destroy the thiol molecules, and 
with the tendency of the silane to non-specifically adsorb to the gold if no thiol is 
present, the thiol and silane surface functionalizations were performed simultaneously. 
The combination of solvents does not mix completely and thus must be stirred 
vigorously. Shorter incubation times and different concentrations of PEG-silane in the 
mixture led to increased cell adhesion to the PEG-surfaces, refer to Section 4.4.5. The 
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SAM-functionalized composite surfaces were then exposed to a FN solution, where FN is 
only able to adsorb to the gold nanopatterns, producing FN nanoislands of controlled 
size and pitch surrounded by a non-adhesive background (see the changed texture of 
the pattern in Figure 3.1 E compared to Figure 3.1 C). Finally, cells are seeded onto the 
surface (Figure 3.1 F). 
4.4 Functionalization Characterization 
The ability to create nanoislands of FN against a non-adhesive background is the 
foundation of the cell studies proposed here and much effort was focused on 
characterizing the functionalization procedure. Multiple characterization strategies were 
implemented to verify the creation of protein nanoislands. XPS was used to confirm that 
the dual functionalization technique is surface material dependent on both the macro 
and nano length scales, to show that PEG-silane functionalized glass surfaces act as a 
protein repulsive layer, to determine the surface concentration of FN on both 
nanopatterned and control surfaces, and to prove that the nanopatterned surfaces 
adsorb protein exclusively to the nanoislands. The XPS studies were confirmed with AFM 
imaging of adsorbed FN on the nanopatterned surfaces. Fluorescent immunolabeling 
experiments of FN and vinculin and combined fluorescent immunolabeling-AFM 
experiments were performed on adherent cells to confirm that the vinculin-containing 
adhesion sites were localized to the underlying functionalized nanopatterns, that the 
protein nanoislands provide direct control over adhesion site size, and that the defects 
in the nanopatterning process have relatively little influence on adhesion formation. 
Combining the results of these characterization techniques validates the claim that the 
surface functionalization procedure retains its desired properties at the nanoscale and 
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that cells recognize and adhere to these surfaces with imposed restrictions on adhesion 
site growth. In some cases the cells can overcome the chemically-defined boundaries 
and form fibrillar adhesions that span multiple patterns discussed in Chapter 8. This 
occurrence is mostly limited to early time points and the formation of large classical 
focal adhesions on nanopatterned surfaces is suppressed. These issues concerning the 
types of adhesions formed and their properties are discussed in detail in Chapter 5 and 
only covered in this chapter to validate the functionalization procedure.  
4.4.1 Orthogonal Functionalization of Homogeneous Surfaces 
To verify the material dependent selectivity of thiol and silane SAM coupling, 
homogenous glass and gold coated glass slides underwent the dual chemical 
modification process. The samples were analyzed with XPS before protein adsorption to 
characterize which molecules were present on the surfaces after the functionalization 
procedure. PEG-silane SAMs can be easily identified by the presence of a 286.5 eV peak 
indicative of poly(ethylene oxide) and a 285.0 eV peak due to the C-C spacer. Thiol SAMs 
can be identified by both a 285.0 eV peak from the C-C backbone and by the presence of 
sulfur, the main indicator used here to distinguish thiol from silane SAMs.  
After chemical modification, thiol binding to the gold surfaces was confirmed by 
the appearance of a sulfur S2p peak and by shadowing of the Au4f signal (Table 4.1). 
Shadowing or the decrease in signal intensity is due to a phenomenon that occurs as 
material is coupled or adsorbed to a surface thereby inhibiting the release of electrons 
from the underlying surface during XPS. No S2p signal was observed on the 
functionalized glass surface, indicating no or minimal non-specific interaction of the 
thiol with the silane or glass (Table 4.1). A comparison of the C1s  spectra for the 
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Surface Au4f  Si2p S2p O1s N1s C1s 
Glass-PEG&Thiol 0.01 20.84 0.00 60.39 0.14 18.63 
Glass-PEG&Thiol-10 µg/mL FN 0.01 17.68 ND 57.97 0.27 24.06 
Au-PEG&Thiol 15.43 0.00 3.13 46.85 0.51 34.08 
Au-PEG&Thiol-1,882 FN/µm2 11.06 2.34 ND 31.69 4.32 50.59 
0400B-PEG&Thiol-41 FN/ µm2 0.20 19.72 ND 49.08 0.75 30.25 
0400M-PEG&Thiol-217 FN/ µm2 0.77 20.28 ND 49.87 0.81 28.26 
Table 4.1: Elemental Composition of Functionalized Surfaces: Measured XPS elemental 
composition for each test sample as a percent of the total signal from survey scans, 
extracted from Gauss-fits to the peaks. ND = Not determined. 
functionalized glass and gold surfaces also indicates selectivity of the surface 
modification (Figure 4.1). The modified gold surface C1s spectrum displays a distinct peak 
at 285.0 eV corresponding to the thiol backbone and a small peak at 286.5 eV attributed 
to a small amount of PEG-silane contamination (Figure 4.1 B), whereas the PEGylated 
glass surface shows a characteristic PEO peak at 286.5 eV and a smaller peak at 285.0 eV 
attributed to the C-C linker in the silane molecule and possibly a small amount of thiol 
orother contaminants (Figure 4.1 A). Thiol adsorption to the glass surface, however, 
should be minimal since no sulfur was detected (Table 4.1). Since each surface was 
treated with the full chemical functionalization, the data indicate that the two 
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Figure 4.1: C1s XPS Spectra for Glass and Gold Surfaces after Orthogonal 
Functionalization: The C1s spectra for the PEG and thiol treated (A) glass and (B) gold 
surfaces before FN adsorption. The data indicates chemical specificity of the PEG-silane 
towards the glass and thiol towards the gold. A characteristic PEO peak at 286.5 eV is 
seen on the PEGylated glass comprising 67 % of the total C1s signal as well as a smaller 
285.0 eV peak (33 %) from the C-C linker and possibly a small amount of thiol or other 
contamination, although no sulfur was detected. A characteristic C-C peak (93 %) is 
observed on the thiolated gold along with a small PEO (7 %) signal attributed to a small 
amount of silane contamination.  
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4.4.2 FN Adsorption to Functionalized Homogeneous Surfaces 
The results from Section 4.4.1 confirm that the SAM formation is indeed material 
dependent. After chemical modification, the surfaces were exposed to FN solution 
promoting FN adsorption to the surfaces. Several indicators have been used to confirm 
protein adsorption by XPS analysis: 189-191 the appearance of a distinct N1s peak 
indicating the presence of nitrogen in protein, an increase in the C-N, C-C, C-O, and N-
C=O bond contributions to the C1s spectra from FN, and a decrease in the background 
signal, Au4f and Si2p in this case, as the protein shadows the substrate signal. 
 To verify FN adsorption to these surfaces the most direct and specific indicator 
for the presence of protein, the appearance of a nitrogen N1s peak, which is absent in all 
samples before FN absorption was used to verify the presence of FN. While a clear N1s 
peak was observed after protein adsorption on the modified gold (Figure 4.2 F) and 
plain glass surfaces (Figure 4.2 E), no distinct N1s peak was seen on PEGylated glass 
samples either before or after FN adsorption, indicating that no FN adsorbed to the PEG 
silane SAM (Figure 4.2 D).  
In order to quantify the amount of adsorbed FN, a calibration relation of the 
Gaussian-fit area under the N1s peak at different concentrations of FN in solution was 
established. The typical sigmoidal behavior that has been observed with 125I-labeled 
FN 185 is reproduced with the N1s area measurements (Figure 4.2 A). A quantification of 
the amount of FN can be achieved by fitting the data to a sigmoidal curve and 
comparing the saturation value of the XPS signal of FN on thiolated gold surfaces to 
published data of 125I-labeled FN adsorbed to CH3-terminated silane SAMs, 185 which is 
very similar to adsorption curves found for tissue culture polystyrene and glass. 118 The  
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Figure 4.2 C1s and N1s Spectra of Gold, Glass, and Nanopatterned Surfaces after FN 
Adsorption and FN Surface Concentration Calibration: (A) Calibration curves depicting 
the surface density of FN (FN/µm2) on (grey squares) clean glass and (black squares) 
functionalized gold surfaces as a function of the solution concentration. The surface 
density of FN is also shown for both (black triangle) M and (block dot) B nanopatterned 
surfaces. Calibration curves showing the exponential decay of the background signal 
(Au4f for gold and Si2p for glass) as protein is adsorbed at higher concentrations for 
functionalized (B) gold and (C) clean glass surfaces, (black triangle) M and (block dot) B 
show values for the nanopatterned surfaces. (D-H) XPS data comparing C1s and N1s 
spectra for non-patterned and nanopatterned surfaces after dual functionalization and 
FN adsorption (10 µg/mL) and phase contrast images of seeded cells on the respective 
surface. (D) PEGylated glass surface, (E) unmodified glass, (F) thiolated gold, (G) 0400M, 
and (H) 0400B surfaces. The FN contribution to the C1s spectra (C-C, C-N, N-C=O) is 
shown for the (E) glass, (F) gold, (G) 0400M, and (H) 0400B surfaces and the N-C=O is 
not seen on the (D) PEGylated glass. The characteristic N1s peak corresponding to 
adsorbed FN is detected on the (E) untreated glass sample, (F) gold, (G) 0400M, and (H) 
0400B surfaces and not on the (D) PEGylated glass. Cells adhered to, spread, and 
proliferated on the (E) unmodified glass (F) gold, (G) 0400M, and (H) 0400B surfaces 
over 3 days whereas almost no cells attached to the (D) PEGylated glass surface. 
background signal was also examined to quantify the extent of shadowing as FN is 
adsorbed to the surfaces. The background signals, Au4f for gold and Si2p for glass, 
exponentially decreased as the FN surface density increased (Figure 4.2 B,C). 
A FN saturation value of 190 ng/cm2 (2,543 FN/µm2) occurred on CH3-terminated 
silane SAMs when exposed to a 20 µg/ml solution of FN. 185 The calibration curves 
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indicate that a monolayer of FN is formed on clean glass at a surface concentration of 
2,300 FN/µm2 (Figure 4.2 A). The saturation value for a thiolated gold surface is slightly 
higher at 2,605 FN/µm2 (Figure 4.2 A). The higher saturation value is attributed to the 
fact that FN has a more compact form when adsorbed to hydrophobic surfaces thereby 
inducing a higher packing density for a monolayer of protein on thiolated gold than 
would be expected on a glass surface. 120  
The C1s signals were deconvolved to determine contributions from chemical 
bond energies that are expected in the PEG, thiol, and FN chemical structures. The C1s 
spectra for the functionalized and protein-treated homogenous gold and plain glass 
samples were fit with three Gaussian curves corresponding to the expected bond 
energies of the C-C (285.0 eV), C-N (286.0 eV), C-O and PEO (286.5 eV), and N-C=O 
(288.3 eV) bonds. 192 Previous XPS studies on proteins, including FN, have shown that it 
is difficult to differentiate the C-O and C-N peaks from one another and that they can be 
fit as a single peak centered in the range of 285.7 to 286.5 eV. 193 In this study, the peak 
position occurred in this same range, usually centered at 286.5 eV. The relative 
contribution of each bond to the total C1s energy for the gold and nanopatterned 
surfaces is displayed in Table 4.2; glass data are not shown due to their similarity to the 
gold surfaces. 
After protein adsorption, the appearance of a nitrogen N1s peak on the gold 
sample is accompanied by the appearance of two additional peaks in the C1s spectra at 
286.5 and 288.3 eV, which indicate the presence of amine, ether, and amide bonds 
(Figure 4.2 F), similar to previous results. 193,194 The characteristic protein peak 
contributions to the C1s spectra consisted of 64.5 % C-C bonds from the thiol and the FN 
backbone, 23.4 % C-N and C-O bonds, and 12.0 % N-C=O bonds for the gold surface with 
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a FN density of 1,882 FN/µm2 (Table 4.2). The C-C contribution to the C1s spectra 
decreases and the C-N, C-O, and N-C=O contributions increase as more protein was 
added to the thiolated gold surfaces (Table 4.2). The PEG-silane functionalized glass 
samples show the expected C-C and PEG peaks, but no amide bond peak (Figure 4.2 D) 
after FN adsorption, indicating that no protein was present. A ratio of C-C to PEG 
components of about 1:4 would be expected, but the contribution of the C-C peak is 
larger (Figure 4.2 D). This occurrence could be contributed to a small amount of 
hydrocarbon contamination or possibly to some thiols entrapped in the PEG layer, 
although no sulfur was detected (Table 4.1). Still, the absence of a 288.3 eV amide bond 
peak and a nitrogen N1s peak on the PEGylated surface exposed to FN solution at a 
concentration of 10 µg/mL for 20 minutes confirms that the silane SAM acts as a 
protein-repulsive surface.  
The results confirm that FN adsorbs to thiol SAM surfaces in a more compact 
form than to plain glass surfaces and does not adsorb to PEG silane SAMs. Furthermore, 
the data shows that Au surfaces with varying FN surface densities can easily be created 
by changing the FN solution concentration that the surface is exposed to. This technique 
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Table 4.2: Deconvolved C1s XPS Spectra of Functionalized and FN Adsorbed Glass, Gold, 
and Nanopatterned Surfaces: Deconvolution of the XPS C1s peak into the chemical bond 
energies for each test sample. The appearance of C-N and N-C=O bonds was observed 
after the addition of FN to the modified gold surfaces. A small N-C=O peak was also 
detected on both nanopatterned surfaces and was not observed after FN adsorption to 
the PEG-functionalized glass surfaces. 
Surface C-C 
285.0 eV 
C-N, C-O, PEO 
285.7 – 286.5 eV 
N-C=O 
288.3 eV 
Glass-PEG&Thiol 32.93 67.07 --- 
Glass-PEG-Thiol&10 µg/mL FN 25.16 74.84 --- 
Au-Thiol&PEG 92.88 7.12 --- 
Au-Thiol&PEG-537 FN/µm2 81.79 13.53 4.68 
Au-Thiol&PEG-1,199 FN/µm2 64.35 24.58 11.06 
Au-Thiol&PEG-1,882 FN/µm2 64.54 23.42 12.04 
Au-Thiol&PEG-2,474 FN/µm2 56.87 26.29 16.84 
Au-Thiol&PEG-2,605 FN/µm2 55.55 27.39 17.70 
0400B-Thoil&PEG- 41 FN/µm2 35.88 60.69 3.43 
0400M-Thiol&PEG- 217 FN/µm2 33.35 63.01 3.65 
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4.4.3 Orthogonal Functionalization and FN Adsorption to Nanopatterned 
Surfaces 
The previously discussed XPS analysis proves the selectivity of SAM formation 
and FN adsorption to homogenous surfaces. The same XPS analysis was implemented to 
prove this occurrence on the functionalized nanopatterned surfaces although the 
analysis is slightly more complicated due the presence of both thiol and silane SAMs on 
the nanocomposite surface. To cope with this complication, the nanopatterned surfaces 
were analyzed only after the full chemical treatment; thiol/silane and FN adsorption. 
On the four nanopatterned surfaces used in the experiments, small N1s peaks 
appeared after functionalization with thiol/silane and FN (Figure 4.2 G,H). Data for 
0300M and 0300B are very similar to the 0400M and 0400B surfaces respectively and 
are not shown. An evaluation of the C1s spectra shows that both nanopatterned surfaces 
have a noticeable N-C=O signature that is not present on the PEG-functionalized glass, 
which, together with the appearance of an N1s peak, indicates FN adsorption as seen on 
the functionalized non-patterned gold surfaces (Figure 4.2 G,H). A comparison of the 
area under the N1s curves of the nanopatterned surfaces to the non-patterned gold 
surfaces after FN adsorption shows that the amount of protein surface coverage (8.3 % 
for M- and 1.6 % for B-type surfaces) on the nanopatterns is close to the measured 
nanopattern surface coverage (7.2 % for the M- and 2.3 % for the B-type samples) 
indicating that the FN adsorbs almost exclusively to the thiolated gold nanopatterns and 
avoids the passive PEG background. Using the calibration curve from Figure 4.2 A 
indicates that the nanopatterned surfaces display 217 FN/µm2 and 41 FN/µm2 for the 
M- and B-layer surfaces respectively. Furthermore, the area under the amide bond peak 
at 288.3 eV for the monolayer nanopatterned surfaces is 7 % of the area for the same 
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portion of the C1s spectra of the protein-adsorbed gold sample. The gold background on 
the monolayer nanopatterned surfaces displayed 8.9 % the amount of gold compared to 
the non-patterned controls, in good agreement with the measured 8.3 % surface 
coverage of FN (Figure 4.2 B). As expected, the nanopatterned surfaces had higher 
signals from the Si2p spectra, indicating that no protein was adsorbed to the 
functionalized glass background (Figure 4.2 C). 
The results from the analysis indicate that the dual surface chemistry is selective 
on the nanometer scale and that the nanocomposite surfaces direct FN adsorption 
almost exclusively to the functionalized gold nanopatterns. AFM imaging of 
nanopatterned surfaces was performed to further validate these claims and is presented 
in the following section. 
4.4.4 Imaging FN Adsorption 
To control the clustering of integrins it is important to know the number of 
adhesion ligands displayed on each nanoisland. To measure this density, nanopatterned 
surfaces underwent the full functionalization and the FN was crosslinked with cell-
impermeable amine-reactive BS3 before and after cell seeding. AFM images of the 
surfaces before cell seeding show distinct ordered arrays of protein on the gold 
nanopatterns (Figure 4.3 A,C). The protein clusters have an approximate size and height 
of 36 and 7 nm respectively, which is in agreement with lateral dimensions of globular 
FN determined using electron microscopy. 195,196 The protein clusters also have a 
rounded or compact shape typical of FN adsorbed to hydrophobic surfaces, 120 and 
practically no protein was observed on the PEG-modified glass between the  
 73  
 
Figure 4.3: AFM Images Adsorbed FN on Functionalized Nanopatterned Surfaces: 3-D 
images from AFM scans (inserts) displaying cross-linked FN on one nanoisland. FN on 
1500M before (A) {Scale bar = 143 nm} and after (B) cell attachment {Scale bar = 
158 nm}, and FN on 0420M before (C) {Scale bar = 47 nm} and after (D) cell attachment 
{Scale bar = 57 nm}. In both cases the FN is clearly seen in a compact shape before cell 
seeding and is rearranged into a more elongated shape after cell seeding and 
attachment. Cells have been removed in (B) and (D) (see text). 
nanoislands, which is in agreement with the XPS results. Taking each spherical entity as 
a single FN, there are approximately 60 to 70 FN proteins on each nanopattern for the 
1500M surface (Figure 4.3 A) and 2 to 5 on the 0420M pattern (Figure 4.3 C), resulting in 
an approximate density of 714 FN/µm2 on the pattern or an average of 55 FN/µm2 for 
the composite surface, which includes the surrounding glass-PEG background. However, 
the XPS data indicate that a composite average of 217 FN/µm2 should be measured for 
the monolayer surfaces, which is in agreement with the estimated total volume of 
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0.72 ml/g of FN. 197 This discrepancy may be induced by the BS3 crosslinker used to 
secure the protein before AFM analysis by artificially enlarging the imaged proteins 
during the crosslinking process, or by making it difficult to distinguish between two 
separate proteins and thereby inducing a lower-than-actual protein count. Even though 
the measured FN dimensions appear in agreement with AFM measurements by 
others, 120 the higher surface concentration of FN derived from the XPS-radiolabeling 
was used for comparison during the following cell studies. Still, the density of FN, 
averaged over the patterned and non-patterned areas of the nanocomposite surfaces is 
very low. For comparison, endothelial cell adhesion has been shown on homogenous 
surfaces displaying as low as 250 FN/µm2, but these surfaces led to reduced 
proliferation or cell death over time. 102 
To gain an understanding of cell interactions with the adsorbed FN, the FN 
morphology before cell seeding was compared to its morphology after HUVECs adhered 
to and spread on the nanopatterned surfaces. After 1 day, all surface proteins were 
crosslinked and rinsed with SDS to remove the majority of each cell, leaving behind only 
cell sections that are crosslinked to the surface, or bare ECM in areas where no cells 
were attached at the time of crosslinking. In some areas, instead of displaying ordered 
arrays of clustered FN, the FN was rearranged or removed (Figure 4.3 B,D). A 
reorganization of FN could be expected as the cells remodel and stretch FN as stress is 
applied during cell movement, the process of FN fibril formation or fibrillogenesis in 
cells cultured on nanopatterned surfaces is discussed in detail in Chapter 7. 43 
These images validate the XPS experimental results of FN adsorption exclusively 
to the thiolated gold nanoislands. Furthermore, it demonstrates that the cells recognize, 
interact with, and remodel the displayed FN. The following sections further validate the 
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XPS and AFM studies by implementing cell seeding studies on ½Au – ½glass surfaces and 
by examining differences in cell adhesion formation by cells seeded on control and 
nanopatterned surfaces. 
4.4.5 Cell Seeding Experiments 
Time-dependent functional controls to show that the surfaces selectively 
support cell adhesion and repulsion on the functionalized gold and glass areas 
respectively were performed on ½Au – ½glass slides. Slides underwent full chemical 
functionalization as described above, but with varying concentrations of PEG-silane (1, 
2, 3 and 5 % by volume). Cells adhered to and proliferated on all of the surfaces 
(Figure 4.4 B,E) except for the PEG-silane functionalized glass surfaces, (Figure 4.4 A,C), 
again reaffirming that the PEG layer prevents protein adsorption to the glass areas and 
consequently inhibits cell attachment. Figure 4.4 D shows a phase-contrast image of the 
intersection of the gold and glass halves after 3 days of culture. The HUVECs have grown 
to near confluence on the gold half and align to the boundary. A small strip of cells can 
be seen protruding into the lighter glass side, most likely caused by imperfect 
shadowing of the deposition mask allowing a small amount of gold to deposit in the 
transition zone. The density of adhered cells increased on the gold-coated side over 
3 days for all four silane concentrations, while very few cells adhered to the PEG-treated 
glass side (Figure 4.4). However, the density of cells was the lowest on the PEG surfaces 
for 2 % silane, which was therefore used as the standard concentration for all 
subsequent experiments. 
In addition to the initial ability of the PEG surfaces to reject cell adhesion, it was 
tested whether ECM adsorption from the serum-containing media could support cell 
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attachment. After 3 days of culture in serum-containing media the ½Au - ½glass surfaces 
(3 % PEG) were re-seeded with four times the number of cells used for the original 
seeding. On the fourth day, 24 hours after the samples had been seeded again, a large 
spike in cell density was observed on the gold half, while almost no cells were seen on 
the PEG-functionalized glass half (Figure 4.4 A,B). This indicates that the PEG-
functionalized glass retained its passivating properties against protein adsorption and 
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Figure 4.4: Cell Seeding on ½Au – ½Glass Surfaces with Varying PEG-Silane 
Concentrations: Number of cells per surface area for HUVECs seeded on ½Au – ½glass 
slides after chemical functionalization and FN adsorption. (A) Density of adherent cells 
on the PEG treated glass half, and (B) on the functionalized gold half measured at 
24 hour intervals. The fourth bar on the 3 % PEG sample shows the cell density 24 hours 
after reseeding cells at day 3 to test the stability of the chemical pattern contrast. 
Phase-contrast images of HUVECs on the ½Au – ½glass slides after 3 days in culture. (D) 
HUVECs grow to and align with the gold-glass intersection. Representative images of cell 
density on Au half (E) and glass half (C) after 3 days. (C-E) Scale bar = 50 µm. 
 78  
4.4.6 Functionalized Nanopatterned Surfaces Provide an Upper Limit to 
Adhesion Site Growth 
For proof of principle and to validate that surfaces displaying nanoislands of FN 
surrounded by a passive background limit adhesion site size and growth; fluorescent 
immunolabeling of adsorbed FN and vinculin and dual fluorescent-AFM imaging of 
vinculin-containing adhesion sites on control and nanopatterned surfaces was 
performed. Fluorescent imaging of FN and vinculin-containing adhesions of cells on 
control and nanopatterned surfaces with large patterns, greater than 300 nm, is 
relatively simple, but becomes challenging when imaging components on smaller 
nanopatterned surfaces. Figure 4.5 A2 and B2 shows that the FN adsorbs exclusively to 
the functionalized nanopatterns while leaving the passive background free of protein, 
further proving that the orthogonal surface modifications work on the nanometer scale. 
Furthermore, cells seeded on these surfaces recognize and adhere exclusively to the FN 
nanoislands and the island size provides an upper limit on adhesion site growth as 
hypothesized (Figure 4.5 A1). The size limitation holds true for cellular adhesion 
formation on smaller nanopatterned surfaces, Figure 4.5 B1, but is more difficult to 
visualize with light microscopy techniques due to diffraction limitations. 
To gain a better understanding of adhesive interactions with the underlying smaller 
nanopatterned surfaces and to avoid resolution limitations of light microscopy 
techniques, dual fluorescent-AFM studies were implemented. Figure 4.6 shows an 
example of cells fixed and immunostained for vinculin after 72 hours culture time on a 
0400M nanopatterned and glass control surface. While the vinculin-containing 
adhesions on the glass control surface could be easily correlated between fluorescence 
and AFM images (Figure 4.6 A-C), on the nanopattern this matching was more difficult  
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Figure 4.5: FN Nanopatterns Provide an Upper Limit on Adhesion Site Size: Fluorescent 
images of FN (blue) and vinculin-containing cell adhesions (green) on (A) 1500B and (B) 
0300B nanopatterned surfaces. Inserts labeled 1 show zoomed in areas of cell adhesion 
and inserts labeled 2 show zoomed in areas without cell adhesion. (A1) FN isolated to 
the chemically-defined nanopatterns (blue) on the left, the vinculin-containing 
adhesions (green) in the middle, and the merge of the two on the right. Scale bar = 
5 µm. (B1) Shows same as A1 but for a cell on the 0300B nanopatterned surface. Scale 
bar = 3 µm. (A2) FN nanopatterns (blue) on left, no adhesions in middle, and merge on 
right. Scale bar = 5 µm. (B2) Same as A2 but for a cell on the 0300B nanopatterned 
surface. Scale bar = 3 µm. It can be seen from inserts 1 in A and B that the FN adsorbs 
almost exclusively to the functionalized nanopatterns leaving the background free of 
protein, that vinculin-containing cellular adhesions are isolated on the FN nanopatterns, 
and that the nanopatterns provide an upper limit and direct control over adhesion site 
growth. 
due to the small size of the adhesions. To positively confirm the location of vinculin-
containing adhesions in the AFM images, the fluorescent image was slightly scaled and 
overlaid on the AFM image using multiple points on the cell ri m as alignment markers 
(Figure 4.6 F). Fluorescently labeled adhesions closely matched increased height 
features in the AFM image across the entire cell (Figure 4.6 G). The matched features 
were terminations of up to 20 µm long, thin non-fluorescent raised lines that could be 
traced across the cell, presumably actin microfilaments. High-resolution AFM scans 
(Figure 4.6 J, white box in F) were then correlated using zoomed portions of Figure 4.6 F 
and G as a reference (Figure 4.6 H,I). Although the adhesions incorporate a defect line in 
some instances, they most often do not align with the direction of defect lines and the 
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overwhelming majority of the vinculin-stained areas are not on defects. The large, 
optically resolution-limited fluorescence areas decompose into single or double thin 
elongated features in the AFM images, as seen to the left and center in Figure 4.6 I and 
J, respectively. The optical resolution limitation does not allow for positive 
determination of whether the vinculin is localized exclusively over the nanopatterns, or 
whether it bridges between patterns, but co-localization between the FN nanopatterns 
and vinculin-containing adhesions is easily seen in fluorescent images of cellular 
adhesions on larger nanopatterns (Figure 4.5 A1). 
Detailed AFM height measurements can give further insight into how the 
adhesions are structured. The dash adhesion on the control glass surface (long arrow in 
Figure 4.6 A–D) had a measured height of approximately 25 nm above the glass 
background, including an 8 - 10 nm contribution from the cell membrane (Figure 4.6 E). 
The adhesion on the 0400M surface (arrow in Figure 4.6 H–J) had a measured height of 
about 32 nm (Figure 4.6 K). This included approximately 19 nm due to the height of the 
nanopattern, FN, and the cell membrane as measured separately. The adhesion sites 
formed on both the glass and 0400M surfaces have a measured height of about 13 to 
17 nm. For a comparison, the thin fibers, presumably thin actin fibers seen in the cells 
on the 0400M surfaces had a measured height of 7 to 9 nm, which is close to the 
thickness of an actin microfilament of 7 nm in diameter.  
To gain more insight into the structure of the adhesions, height traces were 
made across the adhesion sites. Following the profile along the line in Figure 4.6 J from 
top to bottom (right to left in Figure 4.6 K), starts with an adhesion-free area (~ 7 – 8 nm 
thick) then passes over a hole in the membrane and two nanopatterns, rises to the 
adhesion on a nanopattern at 2.2 µm and continues at a height of 20 to 22 nm to the  
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Figure 4.6: Dual Fluorescence-AFM Images of Vinculin-Containing Adhesions on 
Control and Nanopatterned Surfaces: After 3 days in culture, HUVECS were fixed and 
their vinculin-containing adhesions fluorescently labeled. The adhesions were imaged by 
fluorescent and atomic force microscopy for glass control (A: fluorescence; B,C,D: AFM) 
and 0400M (F,H: fluorescence; G,I,J: AFM) surfaces. A dot and dash adhesion are labeled 
with arrows on the glass control in (A: fluorescence), (B: AFM), (C: 3-D AFM), and (D: 
high resolution AFM). A single adhesion is indicated with an arrow on the 0400M in (H: 
fluorescence), (AFM w/ overlaid fluorescence), and (J: high resolution AFM). Height 
traces were measured over the adhesion sites; the black line indicates the trace path 
that begins at the top of the image, for the control (D) and 0400M surface (J). The 
corresponding height data is shown for the control (E) and 0400M (K). The dash 
adhesion on the control surface had a measured height of 25 nm above the glass 
background whereas the adhesion on the 0400M had a measured height of 32 nm. The 
11 nm difference is due to the height of the nanopattern. The adhesions in the cell on 
the glass control were much larger (AreaDOT = 6.80 µm2 and AreaDASH = 7.29 µm2) and 
located mainly at the cell periphery (A), whereas adhesions formed on the 0400M 
surface were smaller (Area0400M =  0.036 µm2) and more homogenously distributed 
throughout the cell (F). Large amounts of actin fibers can be seen terminating in the 
adhesions formed on the glass control (B), while only one actin fiber terminates in the 
adhesion on the 0400M (J) surface. This data indicates that the HUVECs recognize and 
adhere to the functionalized nanopatterns and that the nanopattern size limits the 
adhesion size and the amount of actin able to tie into the adhesion, thereby potentially 
influencing mechanotransduction processes and signaling.  
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next pattern at 1.5 µm. The line then crosses a defect line at 1.0 µm, and one more 
nanopattern at 0.6 µm, before continuing at a reduced height of about 15 nm as actin 
fibers. These measured heights agree with the 13 to 17 nm measured height for the 
adhesions and the actin height of 7 nm. The height between each of the nanopatterns is 
close to the thickness of the adhesions. This may be a result of firmly cross-linked 
bridges of cytoplasmic adhesion components spanning between the raised adhesions or 
indicate FN stretching between the patterns. The length of the adhesion structure is 
about 1.7 µm, but it is only about 120 nm wide, which leads to a total area of 0.2 µm2. 
The two adhesions in Figure 4.6 J that together compose the vinculin fluorescence area 
are completely separated, as the height between them reaches background levels (not 
shown).  
Striking differences in the size and distribution of adhesions between control and 
nanopatterned surfaces was also discovered and is discussed in detail in Chapter 5. 
HUVECs on non-patterned glass surfaces have large adhesions mostly at the cell 
periphery (Figure 4.6 A,B) ranging in size, for the cell analyzed here, from about 1 to 
6 µm and from 6.8 to 7.3 µm2 in area for a dot adhesion (short arrow Figure 4.6 A,D) and 
a dash adhesion (long arrow Figure 4.6 A,D), respectively, as determined from the AFM 
images. These adhesions act as terminating sites for multiple actin fibers as seen in the 
AFM images (Figure 4.6 B,C). In contrast, HUVECs on the 0400M surface displayed a 
more homogenous distribution of small adhesions (Figure 4.6 F). The adhesion site area 
for the adhesion indicated in Figure 4.6 H is 0.036 µm2 or 0.2 µm2, depending on 
whether only the pattern or the full area indicated by vinculin staining is counted. In any 
case, this is far smaller than adhesions formed on the control surface. The smaller 
adhesions on the nanopatterned surfaces were not coupled to large stress fibers but 
 85  
seem to interact with single actin filaments or F-actin (Figure 4.6 I,J), as opposed to 
multiple stress fibers seen in cells seeded on the glass surfaces. Although this provides 
just a snapshot of adhesive states, more detailed investigations of differences in 
adhesive states are discussed in Chapter 5. Most importantly, this detailed examination 
of adhesive properties shows that the adhesions terminate on the functionalized 
nanopatterns and that the nanopatterns can indeed limit adhesion site growth. 
However, it appears that is some cases the cytoplasmic components of adhesions can 
bridge between individual patterns, at least if the distance is not too great. In other 
cases both FN and adhesion components can bridge multiple patterns in the direction of 
the actin stress fibers, indicating the formation of fibrillar adhesions which is further 
discussed in Chapter 7. 
4.5 Discussion  
Integrin binding to ECM ligands and integrin clustering are synergistic events 
necessary for the induction of signaling cascades and engagement of the cytoskeleton 
with cellular adhesion sites . Cluster size is an indicator of the maturation of adhesions, 
which is driven by the applied force of the actomyosin machinery of the cell.  The size of 
each cluster can range from about 30 nm for a trimer, to submicron-sized for motile 
cells, to many microns for fully matured adhesions. Due to this wide range of adhesion 
sizes, restrictions in the growth process induced by chemical patterns are expected to 
influence both the adhesion of adhesion-dependent cells and the molecular signaling 
events initiated and controlled by adhesion sites. 
Chemically defined patterns of cell adhesion ligands provide direct molecular 
control over the processes of cell adhesion as well as over the mechanics of force 
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transduction. This control has been successfully implemented to investigate cell 
adhesion, spreading, and differentiation on the micron scale with tools such as 
microcontact printing of thiols on gold. Cell adhesion size control down to 0.1 µm2 using 
thiol stamping has shown that cells can adhere and spread well using such areas for 
integrin binding, unless the distance between the adhesion sites exceeds 2 µm. 198 The 
extension into nanometer-scale adhesion size control has been much more difficult, as 
serial lithography techniques, such as dip-pen nanolithography, 154-158 other scanning 
probe lithography techniques, 159-162 and electron beam lithography, 146-148 are too time 
consuming in their fabrication to allow for systematic cell studies. Parallel patterning 
techniques such as imprint lithography, 163,164 micelle nanolithography, 166,182 particle 
lithography, 167 and capillary lithography 149 are better suited for quickly fabricating 
nanostructured surfaces over large areas. 
Several nanopatterning techniques have been used to demonstrate cell 
adhesion, 199-201 but have so far not been used for systematic adhesion studies. Protein 
and cell adhesion have been observed on PEG pillars, but due to the repulsive properties 
of PEG, the level of cell adhesion was significantly lower than adhesion to similarly 
treated protein-coated glass surfaces. 149 Other techniques such as micelle lithography 
or star polymers have provided significant insights into the importance of integrin 
proximity in the clustering process, but they do not allow for the formation of larger 
adhesion sites except when used in conjunction with a serial technique such as e-beam 
lithography. Additionally, most techniques rely on RGD sequences for cell adhesion, and 
investigations of cell interactions with the full FN protein have not yet been possible on 
nanopatterns. Furthermore, these studies have yet to prove imposed restrictions on 
adhesion site growth in the detail described here.  
 87  
The results presented and conclusions drawn here through the implementation 
of multiple surface characterization methods consistently show that modification of the 
glass background with PEG and thiolization of the gold nanostructures directs FN 
adsorption exclusively to the gold nanostructures. By performing the functionalization 
for both materials simultaneously, PEG adsorption to the gold areas was minimized, and 
the lack of sulfur on the glass areas indicates no or little thiol on the PEG surface. The 
ability to immobilize the full FN protein as opposed to RGD peptides alone on the gold 
areas enables the use of the synergistic sites in FN. Moreover, the terminal functionality 
used here presents FN in a compact form similar to that found on non-patterned 
hydrophobic surfaces, 120 but changing the thiol functionality to a hydrophilic end group 
would induce FN to appear in an extended form. 120 This flexibility allows for studies 
testing the preferential engagement of different integrins based on the presentation of 
FN on different thiol terminal functionalities to be undertaken. 117,121 Although non-
covalent immobilization of FN on the nanopatterns was implemented in these studies, 
the use of other functional thiols would allow for specific and covalent anchoring by 
bioconjugation procedures. Of course, the presentation of small peptides tethered to 
thiols could also be easily achieved. 
As confirmed by XPS, M- and B-type nanopatterned surfaces contain 7 – 8 % and 
2 %, respectively, of the saturation amount of FN on a homogenous gold surface; in 
agreement with the average surface coverage of the pattern. The immunolabeling 
studies confirm the AFM and XPS results and indicate that the orthogonal surface 
chemistry does indeed work on the nanometer scale. Vinculin and AFM imaging indicate 
that cells recognize and adhere exclusively to the functionalized nanopatterns with 
imposed restrictions and adhesion site growth. The analysis of individual adhesions 
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shows that cellular adhesions are located on the nanopatterns, although in some 
instances the adhesion complex may bridge between patterns in the direction of 
associated actin fibers. The complexes can therefore sometimes reach lengths in the 
micron range, but their width is only around 120 nm, leading to adhesion areas well 
below 1 µm2. This corresponds to the nanoisland size discussed in this section and more 
detailed analysis of adhesive properties is discussed in detail in Chapter 5. The AFM 
results of HUVEC adhesion properties on glass agree qualitatively with earlier studies, 
except that the adhesion height is lower than found for large adhesions of rat embryo 
fibroblasts after 72 hours on glass surfaces that had been de-roofed to allow for AFM 
analysis of the adhesions in cytosolic buffer. 202 This discrepancy could be attributed to 
much more rigid cross-linking and imaging in air that could lead to a more collapsed 
structure.  
4.6 Conclusions  
Taken together, these results indicate selective binding of the silane and thiol 
functionalities to the glass and gold areas respectively, and selective FN adsorption to 
the thiolated gold areas. The presence of signatures for the thiol and PEG and distinct 
N1s peaks on the protein-adsorbed gold, unmodified glass surface, and on 
nanopatterned surfaces that are absent on the PEGylated glass sample indicate that the 
chemical functionality can be translated to the nanometer scale and FN can be adsorbed 
to very small thiolated gold nanoislands. This precise placement of chemical 
functionality and subsequent protein adsorption is the basis for the proposed studies. 
The restriction on adhesion site size was confirmed using fluorescent labeling and AFM 
measurements and the influences of nanopattern size, spacing, and percent surface 
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coverage on adhesion formation, actin cytoskeleton formation, and cell spreading, 
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Chapter 5 
Vinculin-Containing Adhesion Site Analysis 
5.1 Introduction  
A common design goal for the next generation of advanced biomaterials is to 
move from passive materials that avoid the initialization of adverse immune responses 
to biologically active materials that allow for direct control of the surrounding cells and 
tissue via cellular interactions with the material surface. For most applications the 
interface between the implanted device and the surrounding tissue lies at the material-
tissue interface or biomaterial surface, except for tissue engineered constructs that try 
to induce cell growth into the volume of the material. Toward achieving the goal of 
producing advanced material surfaces that control cell function, scientists  have 
determined material surface properties that can be used to gain direct control over cell 
behavior through the manipulation of cell adhesive properties with respect to integrin 
usage, adhesion composition, corralling cells into small ECM patches, or by limiting 
adhesions site growth. 84-91,96-107,110,111 Most of these findings come from studies 
performed using surfaces presenting features on the micrometer length scale and 
relatively few have explored the use of nanostructured materials to guide cell behavior. 
To date, no study has presented absolute proof of direct control over adhesion site size 
in the 30 to 400 nm size range and the work presented here is the first to show direct 
control over cell adhesion growth on this length scale. Through the use of meticulous 
image processing techniques and multiple quantification parameters, it is demonstrated 
that limiting adhesion site growth to the formation of small focal complexes via cell 
interactions with chemically-defined nanoscale FN islands can have a profound influence 
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on cell adhesive properties and consequently on downstream cell behavior. This chapter 
details changes in adhesion site properties as induced by differences in surface 
chemistry, FN surface density, and by limiting adhesion site growth using nanopatterned 
surfaces. The image processing technique that was developed and the quantification 
parameters that were designed to compare adhesive states of cells on control and 
nanopatterned surfaces is introduced and discussed. Significant differences in cell 
adhesive states as induced by cell interactions with surfaces presenting varied 
parameters with respect to surface energy, protein concentration, and FN nanoisland 
properties are all discussed. The results indicate that limiting cellular adhesion site 
growth to the nanometer regime using chemically defined nanopatterned surfaces can 
be implemented as a design strategy to manipulate cell adhesive states, modulate 
changes in actin cytoskeletal formation, and ultimately lead to control over cellular 
phenotype expression.  
5.2 Materials and Methods 
5.2.1 Cell and Reagents 
Refer to Section 4.2.5, only non-pooled human umbilical vein endothelial cells 
were used for the experiments presented in this chapter. 
5.2.2 Nanopattern Fabrication and Functionalization 
Refer to Chapters 3 and 4 for fabrication and functionalization respectively. 
5.2.3 Fluorescent Labeling and Imaging 
Refer to Section 4.2.6, cells were also labeled and imaged after 1 day in culture. 
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5.2.4 Image Processing of Vinculin-Containing Adhesions 
A semi-automated method was developed to quantify the size, number, density, 
and distribution of vinculin-containing adhesions from the acquired fluorescent images. 
The raw fluorescent images were low-pass filtered with a Fast Fourier Transformation 
(FFT) using ImageJ (NIH, Bethesda, MD) to remove any background signal present and to 
increase the contrast between the fluorescently labeled adhesions and background. 203 
The FFT filter embeds the original image in a larger square image with a side length N 
that is a power of 2. To prevent artifacts, mirrored replicas of the original image are 
used to fill the edges and corners of the larger square  image. The composite image is 
Fourier transformed and multiplied by a Difference of Gaussian (DoG) transfer function 
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Here ssmall and slarge are user defined inputs, in terms of pixels, corresponding to the 
lower and upper size limits of the filter. The lower limit was set to 2 pixels to avoid the 
incorporation of single pixel noise from the imaging system and the upper limit was set 
to a pixel size corresponding to 20 µm2, as typical adhesions do not grow this large. In 
Equation 5.1, the wave vector, k, is defined as the distance to the current pixel from the 
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The final filtered image is created by applying an inverse Fourier transform and cropping 
back to its original size.  
After filtration, the images were further processed with an iterative threshold 
algorithm using Igor Pro 5 (WaveMetrics, Lake Oswego, OR) to create binary images for 
automated adhesion site analysis. The iterative algorithm chooses an arbitrary threshold 
level and determines the average intensity value for all pixels that are less than the 
chosen value and for all pixels that are greater than the chosen threshold level. It 
calculates a mean of the two values and selects the optimal threshold level as 
determined by a calculated, modified version of the Pearson’s correlation coefficient 
between the thresholded and FFT processed images through an iterative process. The 
filter was implemented to remove human error from traditional threshold techniques in 
which the threshold value is chosen by the user or automatically selected by a simple 
grey scale average algorithm.  
After processing, the binary threshold images of the fluorescently-labeled 
vinculin-containing adhesion sites were used to quantify the cell adhesive properties 
using an in-house developed adhesion analysis algorithm created in ImageJ by an 
undergraduate student Matt Janciatis. The unprocessed, original fluorescent images 
were used to locate the cell outline with the magic wand tool in ImageJ and the 
processed images to locate and quantify the adhesion site properties. The algorithm 
locates each pixel in the cell outline from the cell outline image, measures the cell 
spreading area, and calculates the coordinates for the centroid of the cell. The centroid 
of each adhesion site in x, y coordinates and the surface contact area or size of each 
adhesion is measured from the processed images. After the algorithm analyzes the size 
of each adhesion, it creates two images based on a size threshold. The first image 
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created contains all of the adhesions less than 1 µm2 in area (focal complexes) and the 
second only contains adhesions larger than 1 µm2 in area (focal adhesions). Each of the 
three adhesion site images, one containing all of the adhesions, one with only small 
adhesions, and one with only large adhesions, is analyzed independently. The total 
number of adhesions per cell, the density of adhesions as described by Equation 5.3, 





D AA µ=                                                     (5.3) 
 
where DA is the calculated adhesion site density, NA is the number of adhesions 
detected, and SA is the measured cell spread area. The calculated density in adhesions 
per µm2 is scaled by 5,000 µm2, the typical spread area of an EC. The analysis routine 
thereby reports the average size, density, and location of all the adhesions, the small 
adhesions, and the large adhesions independently. The distribution of the adhesion sites 
with respect to their ratiometric distance from the cell center to the cell periphery was 
also measured (RA/RCP). The radial distance to each adhesion site centroid at a given 
angle was measured from the centroid of the cell. This distance, RA, was divided by the 
distance from the cell center to the cell periphery at the same angle to provide RCP. A 
normalized value (RA/RCP) of zero indicates that the adhesion is located at the cell 
center, which often corresponds to the location of the nucleus, while a value of one 
indicates that the adhesion site is located at the cell periphery. Each analyzed cell was 
broken into ten separate regions, converted to a unit circle, and the number and density 
of adhesions was measured in each region. Plotting the data provides a location map of 
adhesion sites based on their size and normalized distance between the cell center and 
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cell periphery. Further analysis of the measured adhesive properties allowed for the 
quantification of the total adhesion area (sum of the surface contact area of all of the 
adhesions), percent adhesion (total adhesion area divided by the cell spread area), and 
allowed for investigation of the relationships of these adhesion properties with respect 
to cell spreading.  
5.2.5 Statistical Analysis 
Statistical analysis was performed using SPSS 12.0 (SPSS, Chicago, IL). Data sets 
were randomly chosen and their distributions tested for normality by evaluating the 
standard error of skewness and kurtosis. The calculated standard errors for all tested 
data sets were between -2 and 2, thereby indicating normally distributed data. ANOVA 
with either a post hoc Tukey or Dunnett’s T3 test was implemented with a significance 
level of 0.05 to determine any significant differences in the adhesion site properties of 
the analyzed cells. Levene's test for the equality of variances was performed on the data 
sets to determine if equal variances could be assumed. If the significance of the Levene’s 
test was greater than 0.1, equal variances were assumed and a post hoc Tukey 
procedure was used; if less than 0.1, unequal variances were assumed and a post hoc 
Dunnett’s T3 test was implemented.  
5.3 Results 
The following sections discuss the results of the image processing protocol and 
observed changes in cell adhesive behavior as influenced by varying multiple surface 
parameters. Choosing a single control to compare to cells cultured on nanopatterned 
surfaces is not possible and many controls were implemented to separate the influences 
of varying FN surface density and surface energy on cellular adhesion formation. The 
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nanopatterned surfaces are a composite of 93 to 98 % glass and 7 to 2 % gold, but the 
FN is adsorbed only to the thiolated gold areas. Since it is known that FN adsorbs to 
hydrophobic and hydrophilic surfaces in different confirmations 120 and that these 
conformational differences influence adhesion composition and cell 
behavior, 114,115,117,118,121 thiolated Au surfaces were used as controls to accurately 
represent the confirmation of FN on the nanopatterns. However, since the 
nanopatterned surfaces are composed mostly of glass, although it is PEGylated and 
should not be recognized by the cells, adhesion site studies were also performed on FN 
adsorbed to glass surfaces. Furthermore, most conclusions in available literature  
concerning cell adhesion were drawn from studies using glass surfaces and the use of 
glass as a control surface here allows for ease of comparison to previous findings. The 
nanopatterned surfaces display very low global concentrations of FN composed of two 
components, very high local FN densities on the nanopatterns, surrounded by very little 
to no protein on the PEGylated glass support. For this reason, surfaces with varying 
levels of FN were included in the control group to separate FN density influence from 
the influence of limiting adhesion site growth using nanopatterned surfaces. Thiolated 
Au surfaces saturated with adsorbed FN accurately represent FN densities on the 
nanopatterns but have much higher global FN densities than the composite 
nanopatterned surfaces. Conversely, surfaces presenting low densities of homogenously 
adsorbed FN more accurately reproduce the global densities measured on the 
nanopatterned surfaces but do not accurately reproduce the FN saturation levels on the 
nanoislands. To elucidate the separate influences from each other, four different control 
surfaces were implemented. Cell adhesion studies were performed on thiolated Au and 
plain glass surfaces, both adsorbed with FN at a concentration of 10 µg/mL for 
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20 minutes, named 10Au and 10G respectively, to determine the influence of varying 
surface chemistry on adhesion site formation. Adhesion site studies were also 
performed in cells on thiolated Au surfaces with varying densities of adsorbed FN at 
concentrations of 2, 10, and 25 µg/mL to determine the influence of global FN surface 
concentration on adhesion site formation. Finally, the nanopatterned surfaces were 
compared to all of the controls to separate local FN density, global FN density, and 
varying surface chemistry influences on adhesion site properties. Table 5.1 displays the 
surface properties and introduces the nomenclature for all of the surfaces implemented 
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Table 5.1: Measured Surface Properties for Control and Nanopatterned Surfaces Used 
in Cell Adhesion Studies: The FN surface density (FN/µm2) was determined from the XPS 
calibration. The characteristic length, corresponding to the length of the longest bisector 
of individual nanopatterns, the pattern area for individual patterns, and the spacing 
between the nanopatterns were all measured from high-resolution AFM images. Both 
the center-to-center spacing and {rim-to-rim} spacing are listed for the nanopatterned 
surfaces. ND = Not Determined. 
 
 








0300B 41 92 ± 33 3,629 ± 1,013 308 ± 11 {216} 
0300M 217 94 ± 11 5,191 ± 1,298 177 ± 13 {83} 
1500B 41 222 ± 25 46,550 ± 7,548 1,534 ± 19 {1,312} 
1500M 217 405 ± 41 85,653 ± 17,044 883 ± 51 {478} 
02Au 537 ND ND ND 
10Au 1,882 ND ND ND 
25Au 2,474 ND ND ND 
10G 2,052 ND ND ND 
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5.3.1 Image Processing and Adhesion Site Quantification 
Cells adhere to 2-D surfaces with three primary types of integrin-mediated 
adhesions; focal complexes, focal adhesions, and fibrillar adhesions. Focal complexes 
are small, immature adhesions with short lifetimes and a typical size of 0.25 µm2. 16 
These immature complexes often disappear shortly after their formation but sometimes 
mature into focal adhesions. The adhesion maturation process requires adaptor protein 
mediated linkage to actin stress fibers and the application of force to the adhesion 
plaques as induced by Rho-mediated actomyosin contraction. 11,42 Once formed, mature 
focal adhesions are typically larger than 1 µm2 in size and can grow up to 12 to 
15 µm2. 16 Fibrillar adhesions, a late stage of maturation only formed in the presence of 
FN, can range from the size of focal complexes to that of focal adhesions making it 
difficult to identify their presence based on size alone. 16 While these three adhesion 
types have different molecular compositions they all contain vinculin. 16 Therefore, 
vinculin labeling with fluorescently tagged monoclonal antibodies was implemented in 
this study to identify and locate cellular adhesion sites .  
To date, most studies concerning the quantification of cellular adhesion sites 
have used a minimum size cutoff of ~ 0.25 µm2 due to resolution limitations of light 
microscopy. 50,204 Others have implemented segmentation algorithms to locate and 
patch together pixels from single adhesion sites but still used a large minimum size limit 
of 0.56 µm2. 205 While this minimum size cutoff prevents the incorporation of noise and 
background signal into adhesion site analysis, it also biases  analysis towards focal 
adhesions and neglects smaller focal complexes. Since these smaller complexes and 
their maturation to larger adhesions is an important regulator of intracellular signaling 
and cell motility, a more complete picture relating adhesive properties to downstream 
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cell behavior can be formed if they are incorporated into adhesion site analysis. 
Previous reports have shown that adhesions as small as 0.1 µm2 can be detected if much 
effort is taken in the processing of the fluorescent images. 198 As demonstrated in 
Section 4.4.6, the combination of atomic force with fluorescent microscopy allows for a 
detailed analysis of the small adhesions formed to the nanopatterned surfaces but the 
technique is to time consuming to be implemented on the large population of cells 
needed for statistically valid studies. To better cope with the resolution limitations of 
light microscopy, an image processing technique was developed that allowed for the 
detection and quantification of very small adhesions such as focal complexes and those 
formed by cells cultured on nanopatterned surfaces.  
The first and one of the most crucial steps in being able to identify and analyze 
very small adhesions in fluorescent images is the sample preparation process. The use of 
CSK buffer to remove soluble proteins from the cytoplasm was essential for the 
elimination of unwanted background signal. Imaged cells exposed to this buffer 
displayed enhanced contrast between the labeled adhesion sites and background 
compared to cells not treated with the buffer. The CSK treatment of cells proved to be 
highly effective in preventing labeling of soluble vinculin and by preventing non-specific 
adsorption of the fluorescently labeled antibody to other cytoplasmic proteins. After 
preparation, the cells were imaged and the images processed for quantification of cell 
adhesion sites. 
A semi-automated method was created to accurately identify and quantify the 
properties of vinculin-containing adhesions in the acquired fluorescent images. The raw 
images were Fourier transformed and multiplied by a Difference of Gaussians transfer 
function that allowed for user defined control of lower and upper feature size limits. The 
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DoG function is especially useful for removing high-frequency spatial noise while 
preserving the spatial information that lie in the range of the chosen frequencies, in this 
case, the range of adhesion site sizes. After filtering, an iterative threshold algorithm 
was applied to the images. Traditional thresholding techniques are useful for creating 
binary images from fluorescent images that contain features of a similar size but can 
artificially enlarge small features or artificially shrink large features when a wide range 
of sizes are present in the image (Figure 5.1 A,D,E, and I). To bypass this problem, an 
iterative threshold algorithm that more accurately thresholds images containing 
features of interest with a wide range of sizes was implemented. The combined 
application of the FFT filtering and iterative thresholding techniques resulted in 
processed images with well-defined fluorescently labeled cellular adhesions against an 
almost non-existent background (Figure 5.1 C,G,H, and K).  
A comparison of the effectiveness in accurately reproducing fluorescently 
imaged cellular adhesion sites was made between images processed with traditional 
techniques and those processed with the method developed here. In this case, 
traditionally processed images were defined as those that were exposed to a rolling ball 
background subtraction algorithm followed by automated thresholding in which the 
threshold level is chosen through grey scale averaging.  
Figure 5.1 B shows the original unprocessed fluorescent image used for the 
image processing technique comparison. The original image was artificially colored 
green and the final processed images from both techniques were artificially colored red. 
The final image created using the traditional image processing technique is shown in 
Figure 5.1 A and the final image created using the method developed here in 
Figure 5.1 C. A comparison between the accuracy of adhesion site recognition and 
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Figure 5.1: Image Processing of Adhesion Site Fluorescent Images: Comparison 
between traditional thresholding and the semi-automated technique developed to 
quantify cellular adhesion properties. Depicts artificially colored (B) original, (A) 
traditional threshold, and (C) semi-automated threshold images. (D,H,I,K) The threshold 
images were merged with the original to show correlation, yellow = match, red/green = 
no match. (E-G, I-K) Zoomed in regions showing better correlation using the semi-
automated process compared to the traditional threshold process. (I-K) The adhesion 
site areas were measured and compared between the original image and the two 
thresholding techniques. A-C, D, H: Scale bar = 20 µm. E-G: Scale bar = 3 µm. I-K: Scale 
bar = 1 µm.  
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adhesion site size reproduction between the two processing techniques can be made by 
simply overlaying the red processed and green original images. Yellow areas indicate 
correlation between the original and processed images, green areas indicate adhesion 
size underestimation, red areas indicate adhesion size overestimation, and orange areas 
indicate edge detection. Comparing the image in Figure 5.1 D with H shows that the 
image processing method developed here more accurately reproduces the adhesion 
sites as indicated by the dominate presence of yellow, whereas the traditional method 
shows gross overestimation of adhesion site size as indicated by the dominate red color, 
particularly near the cell nucleus. Further investigation of single adhesion sites as shown 
in Figure 5.1 I-K demonstrates the more accurate size reproduction of adhesion site 
dimensions produced using the newly developed image processing method. Two 
adhesions, 1.14 and 1.07 µm2 in area were isolated in the original image (Figure 5.1 J), 
the traditional method overestimated the size of the adhesions and merged them into 
one adhesion site with a size of 3.48 µm2 (Figure 5.1 I), while the enhanced image 
processing method reported two adhesions with sizes very similar to those measured 
from the original image, 1.12 and 1.02 µm2 respectively (Figure 5.1 K).  
To test the limitations of the image processing method, it was applied to images 
of fluorescently labeled FN adsorbed to the smallest nanopatterns used in the cell 
studies, the 0300B surfaces (Figure 5.2 A). From AFM analysis of these surfaces it is 
known that the nanopatterns have a characteristic spacing of 308 ± 11 nm and an area 
of 3,629 ± 1,013 nm2 (Figure 3, Table 1, and Table 4). Measurements made from the 
processed images showed enough resolution to accurately reproduce the spacing, 300 ± 
41 nm, but drastically overestimated the area of the nanoislands, 36,882 nm2. Figure 5.2 
graphically represents the processing method and displays the processed images after 
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each step. Figure 5.2 A shows the original image of fluorescently labeled FN adsorbed to 
a 0300B nanopatterned surface and subsequent zoomed in regions are shown in 
Figure 5.2 B, E. The corresponding FFT filtered images are shown in Figure 5.2 C, F and 
the final FFT filtered and iterative thresholded (FFT/IT) images in Figure 5.2 D,G. 
Comparing Figure 5.2 E to G shows that the FFT/IT processing method can detect very 
small fluorescent features, 92 nm sized FN nanoislands in this case, if the features of 
interest are spaced far enough apart. While the FFT/IT image processing technique has 
limitations on size and area measurements for very small features below 300 nm in size, 
the method can be implemented to accurately identify small adhesions and allows for 
their quantification with respect to the number present in the image, their density, and 
their location. Area measurements made from the processed fluorescent images of 
vinculin-containing adhesions smaller than 300 nm in size will be resolution limited and 
reported as larger than their actual size. Due to this limitation the total adhesion area 
and percent adhesion analysis were not performed on cells cultured on nanopatterned 
surfaces, as adhesions formed on these surfaces are well below 300 nm in size for all of 
the surfaces except the 1500M surface. 
This combined image processing and adhesion analysis protocol resulted in a 
powerful tool for relating observed changes in gross cell behavior to quantified changes 
in adhesive states. The use of this combined protocol allowed for the incorporation of 
previously unanalyzed focal complexes into a thorough adhesion site analysis that 
provided new insight into control over cell adhesion behavior via cell-surface 
interactions with engineered surfaces. 
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Figure 5.2: Resolution Limitations in FFT/IT Processing of Fluorescent Images: While 
the Fast Fourier Transform and Iterative Thresholding (FFT/IT) processing method can 
accurately detect small fluorescent features, 92 nm fluorescently labeled FN nanoislands 
in this case, their size is grossly overestimated, see text. (A) A raw fluorescent image of 
FN adsorbed to a 0300B nanopatterned surface. The white box in (A) indicates the 
location of (B-D). The white boxes in (B-E) represent the zoomed in regions shown in (E-
G). (B, E) Zoomed in regions of the unprocessed image. (C, F) The same images as B and 
E after the application of the FFT filter. (D,G) The same images as B and E after FFT 
filtering and iterative thresholding. (A) Scale bar = 10 µm. (B-D) Scale bar = 5 µm. (E-G) 
Scale bar = 1 µm.  
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5.3.2 Surface Chemistry Influence on Adhesion Site Properties 
It is known that changes in surface energy induce conformational changes in 
adsorbed FN 120 and that these FN conformational differences influence integrin binding, 
adhesion composition, and FAK phosphorylation in a surface energy dependent 
manner. 115,117,121 Furthermore, the changes in adhesion composition can induce 
changes in cellular phenotype expression. Tuning the free energy of the surface that FN 
is adsorbed too provides the ability to modulate cell behavior between proliferation or 
differentiation. 114,115 Hydrophilic surfaces, glass in this case, presenting more extended 
confirmations of adsorbed FN, induce the formation of focal and fibrillar adhesions rich 
in α5β1 integrins that lead to increased levels of cell proliferation 114,115 while 
hydrophobic surfaces, thiolated Au in this case, presenting more compact confirmations 
of FN lead to the formation of adhesion sites dominated by αvβ3 integrins that results in 
cell differentiation. 114,115 These two independent pathways in cell behavior hint to 
either integrin-mediated influence of signaling strength or the existence of different 
integrin mediated signaling cascades.  
The influence of varying surface chemistry on adhesion site formation was 
determined by comparing the quantified adhesion properties of cells cultured on 
thiolated Au and plain glass surfaces with similar FN surface densities . Since the 
nanopatterned surfaces used in these studies are more than 90 % glass, although it is 
PEGylated and therefore passive, glass surfaces were used as controls. Since the FN is 
presented on thiolated Au nanoislands, cells were cultured on homogenously FN coated 
gold surfaces to accurately reproduce the conformational state of FN as presented for 
cell attachment. Au and glass surfaces with similar FN densities were used to insure that 
any observed differences in cell adhesive properties in cells cultured on these surfaces 
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were solely a function of differences in surface chemistry and not of FN concentration. 
Furthermore, the comparison of adhesion properties between cells cultured on 10Au 
and 10G surfaces, see Table 5.1 for surface properties, can be implemented to show 
that changes in adhesive behavior induced in cells grown on nanopatterned surfaces are 
not an artifact of differences in surface chemistry but are consequences of limitations 
imposed on adhesion site growth.  
 
Number, Sizes, and Types of Adhesions 
The results indicate that surface chemistry has almost no influence on adhesion 
formation in cells after 1 day in culture but induces significant changes in adhesive 
states after 3 days. While cells on both hydrophilic and hydrophobic surfaces display 
very similar adhesion properties after 1 day, cells cultured on hydrophilic glass surfaces 
display statistically fewer small adhesions and statistically larger focal adhesions after 
3 days compared to cells on hydrophobic gold surfaces. The data indicates that cells on 
Au surfaces do not undergo adhesive changes with time while cells cultured on glass 
surfaces display an adhesive state transformation or maturation process. 
After 24 hours in culture, cells adhere to both 10Au and 10G surfaces with 
almost identical numbers, densities, and sizes  of adhesions (Figure 5.3 A-C and 
Figure 5.5 A-C). Approximately 1,000 vinculin-containing adhesions are formed with an 
average density of 750 adhesions/5,000 µm2 in cells on both surfaces (Figure 5.3 A-C 
and Figure 5.5 A-C). Cells on these surfaces also display very similar trends of adhesion 
site formation as a function of cell spreading, showing linear increases in the number of 
all, small, and large adhesions with increased cell spreading. (Figure 5.3 D-F). 
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Figure 5.3 Average Number of Adhesions and Number of Adhesions versus Cell 
Spreading for Cells on 10Au and 10G Surfaces: After 1 and 3 days in culture, cells on 
10Au (yellow) and 10G (black) surfaces were fixed and their vinculin-containing 
adhesions fluorescently labeled and the number of adhesions per cell quantified. The 
average number of adhesions per cell (A-C) and their relationship to cell spreading (D-G) 
was analyzed. The average number of adhesions formed per cell for (A) all adhesions, 
(B) the small adhesions (< 1 µm2), and (C) the large adhesions (> 1 µm2). (D-F) Adhesion 
number as a function of increased cell spreading after 1 day in culture for (D) all of the 
adhesions, (E) the small adhesions, and (F) the large adhesions. (G-I) Same as D-F but 
after 3 days. * = Significantly more adhesions than cells on 10G surfaces (p = 0.007). 
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Figure 5.4: Adhesion Site Sizes for Cells on 10Au and 10G Surfaces: After 1 and 3 days 
in culture, cells on 10Au (yellow) and 10G (black) surfaces were fixed and their vinculin-
containing adhesions fluorescently labeled and sizes measured. The average adhesion 
site sizes were measured for (A) all of the adhesions (B) the small adhesions (< 1 µm2), 
and (C) the large adhesions (> 1 µm2). After 3 days in culture the cells were fixed and 
their vinculin-containing adhesions fluorescently labeled, imaged, and processed with 
the FFT/IT method and analyzed. (D-F) A FFT/IT processed image of a cell on a 10Au 
surface showing (D) all of the adhesions, (E) the small adhesions (red), and (F) the large 
adhesions (green). (G-I) Same as (D-F) but for a cell on a 10G surface. (D-I) Scale bar = 
20 µm. # indicates significantly larger adhesions than cells on 10Au surfaces  (p = 0.008).  
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After 3 days in culture the differences in surface chemistry induce significant 
changes in cellular adhesive states, compare Figure 5.4 D-F to G-I. While cells cultured 
on 10Au surfaces remain in the same adhesive state as they were after 1 day displaying 
almost identical numbers, densities, and sizes of adhesions, cells cultured on hydrophilic 
glass surfaces reduce the number and density of small adhesions used to attach to the 
surface (Figure 5.3 B and Figure 5.5 B) while simultaneously increasing the average size 
of the large adhesions (Figure 5.4 C). Cells grown on 10Au surfaces maintain a fairly high 
number and density of vinculin-containing adhesions with time (Figure 5.3 A-C and 
Figure 5.5 A-C). The adhesion sites formed are composed of small adhesions with an 
average size of 0.21 ± 0.03 µm2, presumably focal complexes as cells on these surfaces 
form very few FN fibrils as discussed in Chapter 7, and focal adhesions with an average 
size of 1.56 ± 0.21 µm2 (Figure 5.4 A-F). Cells on 10G surfaces behave differently and 
show a decrease in the number of small adhesions from 1,019 ± 334 after 24 hours to 
498 ± 338 and density from 732 ± 216 to 381 ± 235 small adhesions/5,000 µm2 after 
3 days in culture (Figure 5.3 B and Figure 5.5 B). While changes are observed in the 
maintenance of small adhesions over a 3 day period for cells cultured on 10G surfaces 
there are almost no changes in the number or density of large focal adhesions 
(Figure 5.3 C and Figure 5.5 C), although the large adhesions do show a slight increase in 
size from 1.72 ± 0.18 µm2 to 1.97 ± 0.39 µm2 over a 3 day period thereby making them 
significantly larger than the adhesions in cells on Au surfaces (Figure 5.4 C, I).  
These changes in adhesive states are also reflected in the relationship between 
adhesion site formation and cell spreading. While cells on 10Au surfaces show the same 
trend of linear increases of both small and large adhesions with increased cell spreading 
(Figure 5.3 E,F,H, and I), cells on 10G surfaces more quickly reach saturation of small 
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adhesion formation at approximately 800 small adhesions regardless of the extent of 
cell spreading (Figure 5.3 H). While significant differences in the maintenance of small 
adhesions were observed there is relatively little difference in the maintenance of large 
adhesions between cells on 10Au and 10G surfaces (Figure 5.3 I). 
Combining these results implies that cells cultured on glass surfaces have the 
ability to enlarge existing focal adhesions while decreasing the density of small 
adhesions with time and show maturation of adhesive states that can not be achieved 
by cells on 10Au surfaces. These differences in adhesive states are most likely due to 
differences in integrin expression and adhesion composition as dictated by 
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Figure 5.5: Average Adhesion Site Densities for Cells on 10Au and 10G Surfaces: After 1 
and 3 days in culture, cells on 10Au (yellow) and 10G (black) surfaces were fixed, their 
vinculin-containing adhesions fluorescently labeled, and adhesion site densities 
quantified. The average adhesion site density for (A) all of the adhesions, (B) the small 
adhesions (< 1 µm2), and (C) the large adhesions (> 1 µm2) was measured. * Indicates 
higher density than cells on 10G surfaces ( p = 0.001)   
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Adhesion Area and Percent Adhesion  
Further insight into the different adhesive states of cells grown on 10Au and 10G 
surfaces can be gained from analyzing the cellular adhesion area (sum of the areas of all 
adhesions) and the percent adhesion (sum of the areas of all adhesions divided by the 
cell spread area). The differences in these quantified parameters between cells cultured 
on 10Au and 10G surfaces are reflective of the observed differences in the number and 
density of small adhesions maintained with time  as discussed in the previous section. It 
was demonstrated in the previous section that the cells on 10G surfaces decrease the 
number and density of small adhesions used to attach to the surface over a 3 day period 
while simultaneously enlarging the size of existing adhesions. This transition in adhesion 
states in cells on 10G surfaces that is not observed in cells on 10Au surfaces is also 
reflected in the adhesion area and percent adhesion data.  
After 24 hours in culture, cells on both 10Au and 10G surfaces have almost identical 
values of adhesion area and percent adhesion, ~ 300 µm2 and 4.25 % respectively 
(Figure 5.6 A and Figure 5.7 A). As time persists the total adhesion area for cells on 10Au 
surfaces remains the same while the attachment area of cells on 10G surfaces display a 
slight decrease to ~ 200 µm2 (Figure 5.6 A). The measured decrease in total adhesion 
area of cells grown on 10G surfaces stems from a drastic decrease in the contribution of 
adhesive area from small vinculin-containing adhesions from a value of 192 ± 77 to 95 ± 
74 µm2 confirming the observed decrease in the number of small adhesions as discussed 
in the previous section. The drop in the number of small adhesions in cells on 10G 
surfaces results in a statistically lower average of adhesion area due to small adhesions 
compared to cells on 10Au controls. However, there is no statistical difference between 
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Figure 5.6: Adhesion Area for Cells on 10Au and 10G Surfaces: After 1 and 3 days in 
culture, cells on 10Au (yellow) and 10G (black) surfaces were fixed, their vinculin-
containing adhesions fluorescently labeled, and the adhesion area per cell quantified. 
The average adhesion area for (A) all of the adhesions, (B) the small adhesions (< 1 µm2), 
and (C) the large adhesions (> 1 µm2)was measured. The relationship between adhesion 
area and cell spreading is shown in (D,G) for all adhesions, (E, H) for the small adhesions, 
and (F, I) for the large adhesions. * Indicates significantly more adhesion area than cells 
on 10G surfaces (p = 0.009). # Indicates significantly more adhesion area than cells on 
10Au surfaces (p = 0.013). 
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the total adhesive areas achieved by cells on these two different types of surfaces. This 
implies that the cells on 10G surfaces make up for this decrease in small adhesions 
through the large adhesion sites.  
The contact area of large focal adhesions remains unchanged at ~ 100 µm2 
(Figure 5.6 B,C) for cells on 10G surfaces while cells on 10Au surfaces behave oppositely 
and show no change in area attributed to small adhesions but display a slight decrease 
in contact area from large adhesions from 92 ± 51 to 59 ± 37 µm2 over a 3 day period 
(Figure 5.6 B,C). The data indicates that cells strive to achieve the same contact area 
regardless of the surface properties but attain this desired contact area through 
different modes of attachment. Cells on 10Au surfaces maintain their adhesive area by 
increasing the number of small adhesions while cells on 10G surfaces attain the same 
overall area but do so by slightly enlarging existing focal adhesions while decreasing the 
number of small adhesions.   
The differences in adhesive areas are also reflected in the percent adhesion data. 
After 24 hours, cells on both 10Au and 10G surfaces maintain a fairly constant portion of 
their spread area in contact with the surface regardless of the amount of spreading, 
~ 4.5 % (Figure 5.7 D). After 72 hours this value drops to ~ 3 % for cells on 10G surfaces 
but stays at ~ 4.5 % for cells on 10Au surfaces and there is a significant difference 
between the two values (Figure 5.7 G). The drop in percent adhesion in cells on 10G 
surfaces stems from a decrease in the percent adhesion due to small adhesions and 
closely matches the observed decreases in the number, density, and contact area of 
small adhesions.  
The quantified changes in adhesion area and percent adhesion parallel the 
observed differences in the number and density of small and large adhesions 
 116  
maintained with time between cells on the two surfaces. As the number of small 
adhesions decrease in cells on 10G surfaces so does their contribution to adhesive area 
and percent adhesion. Since the cells cultured on 10Au surfaces do not undergo as 
drastic of changes with respect to the number and density of adhesions their total 
adhesion area and percent adhesion stay fairly constant with time. These results 
concerning differences in adhesion area and percent adhesion as induced by the surface 
chemistry parallel the observed differences in adhesion site maintenance and provide 
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Figure 5.7: Percent Adhesion for Cells on 10Au and 10G Surfaces: After 1 and 3 days in 
culture, cells on 10Au (yellow) and 10G (black) surfaces were fixed, their vinculin-
containing adhesions fluorescently labeled, and the percent adhesion per cell 
quantified. The average percent adhesion for (A) all of the adhesions, (B) the small 
adhesions (< 1 µm2), and (C) the large adhesions (> 1 µm2) was measured. The 
relationship between percent adhesion and cell spreading is shown in (D,G) for all 
adhesions, (E, H) for the small adhesions, and in (F, I) for the large adhesions. * Indicates 
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Adhesion Site Distributions 
Insight into differences of adhesion site formation can be developed by analyzing 
the location of different sized vinculin-containing adhesions. To do this, each individual 
adhesion site was normalized by its ratiometric distance between the cell center and 
periphery. After normalization, the number and density of adhesions per cell region 
were plotted to provide a location map of all of the adhesion sites. The results of the 
analysis indicate that while there were observed differences in the number, adhesive 
area, and percent adhesion of small adhesions between cells on 10Au and 10G surfaces 
their distributions or location within the cell are very similar.  
After 24 hours, cells on both 10Au and 10G surfaces display almost identical 
distributions of adhesions (Figure 5.8 A-C), while after 3 days in culture some slight 
differences arise in the absolute number and density of adhesions but the trends remain 
very similar (Figure 5.8 D-F). Cells cultured on both 10Au and 10G surfaces show an 
increase in the total number of adhesions as you move from the cell center, 0 on the x-
axis, toward the cell periphery, 1 on the x-axis (Figure 5.8 A,D). Normalizing this trend to 
cell spreading area shows that the cells quickly reach saturation in the density of 
adhesions formed and consequently maintain this density throughout the cell 
(Figure 5.9 A). The only difference observed after 24 hours in culture is that cells seeded 
on 10Au surfaces show a slightly higher density of large focal adhesions a short distance 
from the cell center that then levels off to a constant value almost identical to that of 
cells on 10G surfaces (Figure 5.9 C).  
After 72 hours, the trends of adhesion site distribution remain similar for the 
adhesions but cells cultured on 10Au and 10G surfaces show different absolute values 
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Figure 5.8: Number Distributions of Cells on 10Au and 10G Surfaces: After 1 and 3 days 
in culture, cells on 10Au (yellow) and 10G (black) surfaces were fixed, their vinculin-
containing adhesions fluorescently labeled, and the number of adhesion sites in each 
cellular region as a function of their normalized distance from the cell center quantified. 
The adhesion site number distributions for (A, D) all of the adhesions, (B, E) the small 
adhesions (< 1 µm2), and (C, F) the large adhesions (> 1 µm2) are shown.  
 120  
(Figure 5.9 E). Cells on 10G surfaces display a lower number and density in small 
adhesion distribution after 3 days while cells on 10Au surfaces show relatively little 
change (Figure 5.8 B,E and Figure 5.9 B,E). Furthermore, cells on 10G surfaces show a 
more pronounced formation of large adhesions at the cell periphery after 3 days 
compared to cells on 10Au surfaces (Figure 5.8 F), although the density values that take 
cell spreading into account show that they follow very similar trends (Figure 5.9 F). 
These differences in adhesion site distribution properties confirm the observed drop in 
small adhesion formation of cells on 10G surfaces and show that the decrease in small 
adhesions is not isolated to one area of the cells but instead is a homogenous decrease 
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Figure 5.9 Density Distribution of Cells on 10Au and 10G Surfaces: After 1 and 3 days in 
culture, cells on 10Au (yellow) and 10G (black) surfaces were fixed, their vinculin-
containing adhesions fluorescently labeled, and the density of adhesion sites in each 
cellular region as a function of their normalized distance from the cell center quantified. 
The adhesion site density distributions for (A, D) all of the adhesions, (B, E) the small 
adhesions (< 1 µm2), and (C, F) the large adhesions (> 1 µm2) are shown.  
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Summary 
Correlating all of the results of the quantified adhesive properties gives some 
insight into differences in adhesion site maturation as induced by surface energy 
influence over different conformational states of adsorbed FN. First off, the finding that 
cells on both 10G and 10Au surfaces show almost identical trends with respect to 
adhesion site formation after 1 day but significant differences after 3 days indicates that 
it takes at least 3 days for cells to fully react to changes in surface properties. This 3 day 
lag time indicates slight differences in signaling pathways, as larger differences in 
signaling would produce quantifiable changes at early time points. The dominance of 
α5β1 integrin-mediated adhesion formation in cells cultured on hydrophilic surfaces, the 
10G surfaces in this case, promotes the formation of mature focal and fibrillar 
adhesions, as indicated by adhesion site size and the formation of dense-interconnected 
FN fibrillar networks as discussed in Chapter 7. While cells cultured on 10G surfaces 
undergo a maturation of adhesion states indicated by the abolishment of small focal 
complexes and dominance and growth of larger focal and fibrillar adhesions, cells on 
10Au surfaces do not follow this trend. ECs cultured on 10Au surfaces do show the 
ability to form large focal adhesions and maintain these large adhesions with time but 
also show a slight increase in the number of small focal complexes used for cell 
attachment after 3 days in culture. Cells on these surfaces also form very few fibrillar 
adhesions as indicated by the studies in Chapter 7. Since it is known that cells cultured 
on hydrophobic surfaces form adhesion sites dominated by αvβ3 integrins, the transition 
to α5β1 integrin-mediated fibrillar and focal adhesions is probably impaired by the 
underlying surface chemistry. This impairment on integrin transition is most likely 
responsible for limiting adhesion state maturation and the cells compensate for this 
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restriction by maintaining the same adhesive state with time. These results parallel 
previous studies demonstrating the influence of surface chemistry on adhesion 
formation, but rather than probing molecular compositional differences, gross changes 
in adhesive properties were observed and quantified. The observed changes in adhesive 
states are related to changes in gross cell behavior as discussed in following chapters. 
5.3.3 Fibronectin Surface Density Influence on Adhesion Site Properties 
Since the nanopatterned surfaces display low global densities of FN, 41 and 
217 FN/µm2 for the B- and M-type surfaces respectively (Table 5.1), and it is known that 
low surface concentrations of FN, less than ~ 550 FN/µm2 inhibit initial cell attachment, 
spreading, and proliferation, 6,102 the adhesive properties of cells cultured on thiolated 
Au surfaces displaying varying FN surface densities were quantified and analyzed as 
controls for comparison to the nanopatterned surfaces. The FN surface concentrations 
for the 2Au, 10Au, and 25Au surfaces are 537, 1,882, and 2,474 FN/µm2 respectively 
(Table 5.1) as determined from the XPS calibration discussed in Section 4.4.2. 
 
Number, Density, and Sizes of Adhesions 
Surprisingly, the results of the analysis indicate that FN surface density has very 
little influence on adhesion site formation. Cells cultured on the 2Au, 10Au, and 25Au 
surfaces displayed no significant differences in the size, number, or density of adhesions 
formed and the only significant differences were between cells on 2Au and 25Au 
surfaces. Cells on 25Au surfaces displayed an increased ability to form large adhesions 
compared to cells on low FN surface density controls.  
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Cells cultured on 2Au and 10Au surfaces formed approximately 1,000 vinculin-
containing adhesions (Figure 5.11 A) composed of ~ 950 small adhesions (Figure 5.11 B) 
with an average size of 0.29 µm2 (Figure 5.10 B) and ~ 50 large adhesions (Figure 5.11 C) 
with an average size of 1.65 µm2 (Figure 5.10 C). Cells cultured on 25 Au surfaces 
created a similar number and size of small adhesions but displayed the ability to form 
twice as many large focal adhesions, 96, (Figure 5.11 C) with a similar average size as 
those created by cells on 2Au and 10Au surfaces (Figure 5.10 C). Furthermore, cells 
cultured on all three surfaces shows similar trends of linear increases in the number of 
both small and large adhesions with increased cell spreading (Figure 5.11 D-F).  
After 3 days, cells on all three surfaces  show a significant reduction in the number of 
large adhesions (Figure 5.11 C), but only cells on 2Au surfaces show a drastic decrease in 
the density of large adhesions (Figure 5.12 C), meaning that the observed decrease in 
large adhesions in cells on 10Au and 25Au surfaces was an artifact of reduced cell 
spreading. A simultaneous increase in the number and density of small adhesions is 
observed on all three surfaces (Figure 5.11 B and Figure 5.12 B) but is slightly more 
pronounced in cells cultured on low density FN, 2Au surfaces. Investigations of the 
relationships between adhesion site formation and cell spreading indicate that after 
3 days cells on all three gold control surfaces achieve similar adhesive states as indicated 
by linear increases in the number of both small and large adhesions with increased cell 
spreading (Figure 5.11 H,I), although the slope of the linear increase for large adhesion 
formation is slightly decreased compared to the 24 hour time point (Figure 5.11 I). The 
only difference between the surfaces is that cells seeded on low density FN, 2Au 
surfaces, display an impaired ability to maintain large adhesions over 
time and display quick saturation of large adhesion formation with increased cell  
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spreading at approximately 30 large adhesions regardless of the amount of spreading 
(Figure 5.11 I). 
 
 
Figure 5.10: Average Adhesion Site Sizes for Cells on 2Au, 10Au and 25Au Surfaces: 
After 1 and 3 days in culture, cells on 2Au, 10Au, and 25Au surfaces were fixed, their 
vinculin-containing adhesions fluorescently labeled, and the average size of adhesions 
measured. The average adhesion site sizes were measured for (A) all of the adhesions 
(B) the small adhesions (< 1 µm2), and (C) the large adhesions (> 1 µm2). FFT/IT 
processed images of (D-F) a cell on a 2Au surface showing (D) all of the adhesions, (E) 
the small adhesions (red), and (F) the large adhesions (green). (G-I) Same as (D-F) but for 
a cell on a 25Au surface. (D-I) Scale bar = 20 µm.  
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The results indicate that FN surface density has relatively little influence on 
adhesion site formation and that higher FN surface concentrations induce the formation 
of more large adhesions while low FN density surfaces impair large adhesion formation. 
While true, the previous statement is slightly flawed. It should be noted that most of the 
cells seeded on 2Au surfaces do not even attach to the surface and those that do most 
likely find denser packed areas of FN to attach to that are probably more similar to the 
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Figure 5.11: Number of Adhesions for Cells on 2Au, 10Au, and 25Au Surfaces: After 1 
and 3 days in culture, cells on 2Au, 10Au, and 25Au surfaces were fixed, their vinculin-
containing adhesions fluorescently labeled, and the average number of adhesions per 
cell measured. The average number of adhesions for (A) all of the adhesions, (B) the 
small adhesions (< 1 µm2), and (C) the large adhesions (> 1 µm2) was measured. The 
relationship between percent adhesion and cell spreading is shown in (D,G) for all 
adhesions, (E, H) for the small adhesions, and in (F, I) for the large adhesions for cells on 
2Au (smallest yellow square), 10Au (medium sized yellow square), and 25Au (largest 
yellow square) surfaces. * Indicates significantly more adhesions than cells on 2Au 
surfaces (p = 0.027).  
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Figure 5.12: Average Adhesion Site Density for Cells on 2Au, 10Au, and 25Au Surfaces: 
After 1 and 3 days in culture, cells on 2Au, 10Au, and 25Au surfaces were fixed, their 
vinculin-containing adhesions fluorescently labeled, and their adhesion site densities 
quantified. The average adhesion site density for (A) all of the adhesions, (B) the small 
adhesions (< 1 µm2), and (C) the large adhesions (> 1 µm2) was measured. * Indicates 
lower density value than in cells on 10Au and 25Au surfaces (p = 0.007).  
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Adhesion Area and Percent Adhesion  
As with the adhesion number, density, and size analysis, the only differences in 
adhesion area and percent adhesion induced by thiolated Au surfaces displaying varying 
surface concentrations of FN concern the increased formation of large adhesions in cells 
cultured on high density FN surfaces compared to cells on lower density surfaces.  
These observed differences in large adhesion formation are also reflected in the 
adhesion area (Figure 5.13) and percent adhesion analysis (Figure 5.14). After 24 hours 
of culture, cells on all three surfaces have similar values of total adhesive area 
(Figure 5.13 A) and display similar trends of linear increases in the adhesion area from 
both small and large adhesions with increased cell spreading (Figure 5.13 D-F). These 
trends tightly parallel the trends discovered in the adhesion number analysis. Cells 
cultured on all three surfaces also show very similar values and trends with respect to 
percent adhesion and maintain a fairly constant portion of their spread area in contact 
with the underlying surfaces via vinculin-containing adhesions regardless of the extent 
of cell spreading after 1 day in culture (Figure 5.14 A-F).  
After 3 days in culture, the trends of increased adhesion area with increased cell 
spreading still hold (Figure 5.13 G-I), although the slope of the linear increase in 
adhesion area due to large adhesions is slightly reduced (Figure 5.13 I). Furthermore 
cells on the 2Au surfaces reach saturation in the adhesion area due to large adhesions 
that is reflective of the observed saturation in the number of large adhesions formed as 
discussed in the previous section (Figure 5.13 I). This quick saturation of adhesive area 
attributed to large adhesion sites on 2Au surfaces is also observed in the low level of 
percent adhesion via contact with the surface through large adhesion sites 
(Figure 5.14 I). Cells cultured on 2Au surfaces attach with ~ 0.5 % of their spread area to  
 130  
 
 
Figure 5.13: Adhesion Area for Cells on 2Au, 10Au, and 25Au Surfaces: After 1 and 
3 days in culture, cells on 2Au, 10Au, and 25Au surfaces were fixed, their vinculin-
containing adhesions fluorescently labeled, and the adhesion area per cell quantified. 
The average adhesion area for (A) all of the adhesions, (B) the small adhesions (< 1 µm2), 
and (C) the large adhesions (> 1 µm2)was measured. The relationship between adhesion 
area and cell spreading is shown in (D,G) for all adhesions, (E, H) for the small adhesions, 
and (F, I) for the large adhesions for cells on 2Au (smallest squares), 10Au (medium sized 
squares), and 25Au (largest squares) surfaces . * Indicates more adhesion area than cells 
on 2Au surfaces (p < 0.05).  
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the underlying surface via large adhesions while cells on 10Au and 25Au surfaces use 
1.10 % of their spread area to attach to the surface via large adhesion sites 
(Figure 5.14 C, I). 
The adhesion area and percent adhesion data parallel the observed changes in 
the number and density of adhesions described in the previous section. As the number 
of large adhesions decreases in cells cultured on 2Au surfaces so does the adhesion area 
and percent adhesion of these large adhesions. This data further validates that FN 
surface density has very little influence on adhesion site formation and that low surface 
densities of adsorbed FN do not provide enough tightly packed areas of FN and in turn 
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Figure 5.14: Percent Adhesion for Cells on 2Au, 10Au, and 25Au Surfaces: After 1 and 
3 days in culture, cells on 2Au, 10Au, and 25Au surfaces were fixed, their vinculin-
containing adhesions fluorescently labeled, and the average percent adhesion per cell 
quantified. The average percent adhesion for (A) all of the adhesions, (B) the small 
adhesions (< 1 µm2), and (C) the large adhesions (> 1 µm2) was measured. The 
relationship between percent adhesion and cell spreading is shown in (D,G) for all 
adhesions, (E, H) for the small adhesions, and (F, I) for the large adhesions for cells on 
2Au (smallest squares), 10Au (medium sized squares), and 25Au (largest squares) 
surfaces. * Indicates higher percent adhesions than cells on 2Au surfaces (p = 0.015).  
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Adhesion Site Distributions 
While the previous analysis shows that increased FN surface density induces the 
formation of more large adhesion sites, the distribution plots show the location of the 
increased numbers of adhesion sites.  
After 24 hours in culture the cells on all three gold surfaces show very similar 
distributions for the small adhesion sites, a linear increase in adhesion sites as you move 
from the cell center to the cell periphery (Figure 5.15). The only recognizable difference 
is that cells cultured on 25Au surfaces display a much higher number of large adhesions 
(Figure 5.15 C). These large adhesions are evenly distributed through out the cell body 
(Figure 5.15 C). When normalized to cell spreading, the differences are not so drastic 
(Figure 5.16). This implies that the cells strive to achieve a certain number of large 
adhesions per area as they spread out. After 72 hours, cells on 10Au and 25Au surfaces 
maintain the same number and density distributions for both the small and large 
adhesions (Figure 5.15 E,F and Figure 5.16 E,F) but cells on 2Au surfaces show a slight 
increase in the density of small adhesions (Figure 5.16 E) and a decrease in the number 
(Figure 5.15 E,F) and density (Figure 5.16 F) distributions of large adhesions. The analysis 
indicates that at early time points, surfaces saturated with FN promote increased 
formation of large adhesions throughout the cell body compared to surfaces presenting 
less dense FN. Furthermore, surfaces presenting low densities of FN induce a slightly 
increased number of small adhesions throughout the cell body leading to increased 
densities of small adhesions that coincide with a simultaneous decrease in the large 
adhesion site density.  
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Figure 5.15: Adhesion Number Distributions for Cells on 2Au, 10Au, and 25Au 
Surfaces: After 1 and 3 days in culture, cells on 2Au (smallest squares), 10Au (medium 
sized squares), and 25Au (largest squares) surfaces were fixed, their vinculin-containing 
adhesions fluorescently labeled, and the number of adhesion sites in each cellular 
region as a function of their normalized distance from the cell center quantified. The 
adhesion site number distributions for (A, D) all of the adhesions, (B, E) the small 
adhesions (< 1 µm2), and (C, F) the large adhesions (> 1 µm2) are shown.  
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Figure 5.16: Adhesion Density Distributions for Cells on 2Au, 10Au, and 25Au Surfaces: 
After 1 and 3 days in culture, cells on 2Au (smallest squares), 10Au (medium sized 
squares), and 25Au (largest squares) surfaces were fixed, their vinculin-containing 
adhesions fluorescently labeled, and the adhesion site density in each cellular region as 
a function of their normalized distance from the cell center quantified. The adhesion site 
density distributions for (A, D) all of the adhesions, (B, E) the small adhesions (< 1 µm2), 
and (C, F) the large adhesions (> 1 µm2) are shown.  
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Summary 
The results indicate the FN surface density has very little influence on cell 
adhesion. The major finding is that increased FN surface density on thiolated Au 
surfaces induces the formation of more densely packed large adhesion sites, while low 
density FN surfaces prevent this occurrence. The finding that cells on all three surfaces 
maintain similar total adhesion areas regardless of differences in the formation of large 
adhesions indicates that cells on these surfaces strive to maintain a certain minimum 
level of contact with the surface through adhesion sites. In situations where the 
formation of large adhesions is inhibited, such as the cells on the 2Au surfaces, the cells 
slightly increase their number of small adhesions and reduce their spread area to 
compensate. Although the molecular composition of these adhesions was not 
determined and therefore the exact type of adhesion formed can not be concluded, FN 
fibril formation studies presented in Chapter 7 show that cells on 2Au surfaces form a 
higher number of FN fibrils and maintain these fibrils for 3 days in culture hinting to the 
formation of fibrillar adhesions that is not observed in cells on 10Au and 25Au surfaces. 
In general it can be concluded that FN surface density has little influence on adhesion 
site formation and that higher density FN surfaces allow for the formation of more large 
adhesions compared to cells on low density FN surfaces.  
5.3.4 Nanopatterned Surface Influence on Adhesion Site Properties 
The influences of varying FN surface concentration and underlying surface 
chemistry on adhesion site formation have been discussed. Now, the question of how 
limiting adhesion site growth using chemically-defined nanoscale protein islands 
influences cell adhesive states  will be addressed. Determining the correct controls for 
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comparison to the nanopatterned surfaces is somewhat challenging. Thiolated Au 
surfaces alone will accurately reproduce the underlying surface chemistry of the 
adsorbed FN on the nanopatterns but they do not take into account the glass between 
the patterns, although the glass is functionalized and has been shown to prevent protein 
adsorption. Furthermore, since the nanopatterned surfaces display very low global 
densities of FN, cells on these surfaces should be compared to cells cultured on 
thiolated Au surfaces with similar global densities. Even though the nanopatterned 
surfaces display low global FN densities, the local FN concentrations on the patterns 
themselves is very high, ~ 750 FN/µm2, and the nanopatterns are saturated with tightly 
packed FN molecules, making the 25Au surface a necessary control since it is also 
saturated with FN. To keep the comparison relatively simple, cells on the nanopatterned 
surfaces will be compared to cells cultured on the 10G surfaces to prove that the 
observed changes in adhesive properties are not due to the glass background and to 
cells on 25Au surfaces to show that limiting adhesion site growth influences adhesion 
formation. 
 
Number, Sizes, and Types of Adhesions 
The analysis indicates that cells quickly recognize and react to the chemical 
functionality of the nanopatterned surfaces by forming a significantly higher number of 
smaller, more densely packed adhesions (Figure 5.17 D-I). The absolute number of 
adhesions formed by cells on these surfaces is governed by two properties of the 
nanopatterns, the nanopattern surface coverage and the nanopattern size. The 
nanopattern surface coverage is the dominate property influencing the number of 
adhesions formed in cells after 1 day (Figure 5.18 A, B). After 3 days in culture the 
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nanopattern size becomes more influential (Figure 5.18 A, B). While the absolute 
number of adhesion sites formed shows temporal dependence on nanopattern 
properties, the density of adhesions is always highest in cells on the small nanopatterns 
(Figure 5.19). This observation indicates that cells on these surfaces do not spread as 
well as cells on controls and larger nanopatterns but strive to maintain a high surface 
contact area by forming a higher density of small adhesions.  
Through visual inspection of the vinculin labeled fluorescent images it is easily seen that 
cells attach to the nanopatterned surfaces using a significantly increased number of 
relatively smaller, more evenly distributed, and more tightly packed vinculin-containing 
adhesions compared to cells on control surfaces (Figure 5.17 D-I).  While cells on 2Au, 
25Au, and 10G surfaces all form approximately 1,000 vinculin-containing adhesions after 
1 day in culture, cells on the nanopatterned surfaces can form up to twice as many 
adhesions (Figure 5.18 A). The M-type surfaces (0300M, 1500M) both with 7.2 % 
nanopattern surface coverage induce the formation of more adhesions than cells on 
control and B-type surfaces (0300B, 1500B) after 1 day in culture indicating that 
nanopattern surface coverage dictates the number of adhesions formed at early time 
points (Figure 5.18 A,B). After 72 hours in culture the nanopattern size becomes more 
influential over the number of adhesions  formed and cells on the smallest 
nanopatterned surfaces, the 0300B and 0300M surfaces, both displaying available 
adhesion sites less than 10,000 nm2 in area form significantly more adhesions than cells 
on both larger nanopatterns and controls (Figure 5.18 A,B). Furthermore, the chemical 
functionality shows the ability to somewhat suppress the formation of large adhesions 
to nanopatterned surfaces and cells on all of the nanopatterned surfaces have 
significantly fewer large adhesion sites than cells on control surfaces after 3 days,  
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Figure 5.17: Average Adhesion Site Sizes for Cells on Nanopatterned and Control 
Surfaces: After 1 and 3 days in culture, cells on nanopatterned surfaces and 25Au and 
10G control surfaces were fixed, their vinculin-containing adhesions fluorescently 
labeled, and average size of adhesions measured. The average adhesion site sizes were 
measured for (A) all of the adhesions (B) the small adhesions (< 1 µm2), and (C) the large 
adhesions (> 1 µm2). FFT/IT processed images of (D-F) a cell on a 0300B surface showing 
(D) all of the adhesions, (E) the small adhesions (red), and (F) the large adhesions 
(green). (G-I) Same as (D-F) but for a cell on a 1500B surface. (D-I) Scale bar = 20 µm. 
* Indicates larger average size than cells on all nanopatterned surfaces (p < 0.003). 
# Indicates larger average size than cells on 0300B surfaces (p < 0.003). + Indicates larger 
average size than cells on 1500B surfaces (p < 0.04). ** Indicates larger average size 
than cells on all nanopatterned surfaces (p < 0.04). 
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although some large adhesions can be made by these cells, particularly by cells on 
1500M surfaces (Figure 5.18 C).  
The density of adhesions formed is dictated by the nanopattern size at all time 
points. Cells on the smallest nanopatterned surfaces display a higher density of 
adhesion sites compared to cells on larger nanopatterns and on controls (Figure 5.19 A). 
The 0300B and 0300M surfaces induce the formation of 2,705 and 
1,934 adhesions/5,000 µm2 respectively compared to 1,200 adhesions/5,000 µm2 for 
cells on larger nanopatterns and 700 adhesions/5,000 µm2 for cells on control surfaces 
(Figure 5.19 A). The transition to more dense packing of adhesions with decreased 
nanopattern size may indicate a size transition point. It may be that limiting adhesion 
site growth to very small patterns, less than 10,000 nm2 in size, does not allow for the 
desired cellular contact area to be formed and cells react by creating extremely high 
numbers of more densely packed adhesions. This occurrence leads to three regimes of 
adhesion site formation. Cells on the smallest nanopatterns form significantly more 
adhesions that are more densely packed than cells on larger nanopatterns and control 
surfaces. As the available adhesion site size slightly increases to 40,000 nm2 the cells still 
form significantly more adhesions than cells on control surfaces but their packing 
density is similar to that of cells on Au control surfaces. Finally, as the cells have no 
restrictions imposed on adhesion site growth as with cells on controls surfaces the cells 
transition to using larger and less densely packed adhesion sites. This occurrence may 
indicate that a different quality of adhesions is being formed as the restrictions to 
adhesion site growth are restricted. This indicates that limiting adhesions to the very 
small patterns may result in the formation of only immature adhesions that are too 
small to incorporate all of the necessary components to mature. As the size that the 
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adhesion is allowed to grow slightly increases, a higher level of maturation is reached 
and as all restrictions on adhesion site growth are lifted the fully matured adhesions can 
be formed as seen in cells on control surfaces. Studies presented in following chapters 
support this claim and show impaired cytoskeletal linkage to the small adhesions 
formed on the smallest nanopatterns as well as a slightly impaired ability for these cells 
to spread.  
Further analysis of the adhesion site properties shows that cells grown on 
nanopatterned surfaces form smaller focal complexes (Figure 5.17 B) and display the 
ability to form some focal adhesions (Figure 5.18 C). After 24 hours in culture, the 
average size of all the adhesions formed by HUVECs on nanopatterned surfaces ranges 
from 0.14 ± 0.03 µm2 for cells on the smallest nanopatterns (0300B) to 0.21 ± 0.05 µm2 
for the largest nanopatterns (1500M) compared to 0.29 ± 0.06 to 0.37 ± 0.11 µm2 for 
cells on the 10G and 25Au control surfaces (Figure 5.17 A). The lower average adhesion 
site size of cells cultured on the smaller nanopatterned surfaces compared to cells on 
larger nanopatterns and control surfaces stems from the formation of extremely small, 
resolution limited focal complexes. Focal adhesions formed by cells on these surfaces 
display an average size of 1.5 µm2, slightly smaller than the size of large adhesions 
formed by cells on control surfaces, 1.65 µm2 (Figure 5.17 C), but their ability to form 
these adhesions is greatly suppressed. Even though cells on nanopatterned surfaces 
show the ability to form some large adhesions they form significantly fewer large 
adhesions compared to cells on control surfaces (Figure 5.18 C). The nanopatterns limit 
the formation of large adhesions from an average of 19 per cell on the smallest patterns 
to 50 per cell on the largest patterns and show a linear increase in the occurrence of 
large adhesion formation with increasing pattern size after 24 hours that is diminished  
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Figure 5.18: Number of Adhesions for Cells on Nanopatterned and Control Surfaces: 
After 1 and 3 days in culture, cells on nanopatterned surfaces and 25Au and 10G control 
surfaces were fixed, their vinculin-containing adhesions fluorescently labeled, and the 
average number of adhesions per cell measured. The average number of adhesions for 
(A) all of the adhesions, (B) the small adhesions (< 1 µm2), and (C) the large adhesions 
(> 1 µm2) was measured. The relationship between the number of adhesions formed 
and extent of cell spreading is shown in (D,G) for all adhesions, (E, H) for the small 
adhesions, and (F, I) for the large adhesions for cells on 0300B (small green triangle), 
0300M (small green dot), 1500B (large green dot), 1500M (large green triangle), 25Au 
(yellow square) and 10G (black square) surfaces. 1-6 Indicates significantly more 
adhesions than cells on 1 0300B, 2 0300M, 3 1500B, 4 1500M, 5 25 Au, and 6 10G surfaces 
(p < 0.05).  
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after 3 days in culture (Figure 5.18 C). While cells on these surfaces do show the ability 
to form some large adhesion sites , the absolute number per cell is much lower than cells 
on control surfaces and the occurrence of large adhesion formation is greatly 
suppressed after 3 days in culture, again hinting to a 3 day lag time in full cell response 
to changes in surface properties as seen in the surface chemistry experiments 
comparing cells on 10Au to those on 10G surfaces. 
Analysis of the number of adhesions formed with increased cell spreading gives 
further insight into differences in cellular adhesive states induced by limiting adhesion 
site growth via cell-surface interactions with chemically-defined nanoscale adhesion 
sites. Cells on both nanopatterned and control surfaces display linear increases in 
adhesion site formation with increased cell spreading but cells on the nanopatterns 
show a much higher slope after 24 hours (Figure 5.18 D-F). This occurrence of increased 
adhesion site formation with increased cell spreading persists for 3 days in culture 
although the linear trends are not as easily seen at day 3 (Figure 5.18 G-I). Furthermore, 
cells on control surfaces display a linear increase in large adhesion site formation with 
increased cell spreading after both 1 and 3 days in culture (Figure 5.18 F, I). Cells on 
nanopatterned surfaces also show this trend after 1 day although the slope of increase 
is lower than that of cells on control surfaces, again indicating a suppressed propensity 
to form large adhesions (Figure 5.18 F). After 3 days the ability of cells to form large 
adhesions on nanopatterned surfaces is greatly suppressed and many cells do not form 
any large adhesions at all, particularly cells on the smallest nanopatterns (Figure 5.18 I). 
This occurrence is similar to what is seen in cells on 2Au surfaces but much more 
pronounced in cells on nanopatterned surfaces.   
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Figure 5.19: Average Adhesion Site Density for Cells on Nanopatterned and Control 
Surfaces: After 1 and 3 days in culture, cells on nanopatterned and 25Au and 10G 
control surfaces were fixed, their vinculin-containing adhesions fluorescently labeled, 
and adhesion site densities quantified. The average adhesion site density for (A) all of 
the adhesions, (B) the small adhesions (< 1 µm2), and (C) the large adhesions (< 1 µm2) 
was measured. 1-6 Indicates significantly more adhesions than cells on 1 0300B, 2 0300M, 
3 1500B, 4 1500M, 5 25 Au, and 6 10G surfaces (p < 0.05). 
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Adhesion Area and Percent Adhesion  
The adhesion area and percent adhesion analysis were not performed for cells 
on the nanopatterned surfaces due to the resolution limitations of light microscopy. 
Although the image processing technique developed here can detect the presence of 
very small adhesions it grossly overestimates their size and therefore can not be reliably 
used to analyze adhesive area and percent adhesion for the very small adhesions 
formed by cells on the nanopatterned surfaces.  
 
Adhesion Site Distributions 
Analysis of the location of adhesions formed to nanopatterned surfaces compared to 
cells on control surfaces validates the observed differences in adhesion site formation 
and provides further insight into the influence of nanopattern size on adhesion 
formation. After 24 hours in culture, cells on all surfaces show similar trends with 
respect to the distribution of small adhesions, increasing numbers of adhesions as you 
move from the cell center to the cell periphery (Figure 5.20 A). Cells on the M-type 
nanopatterned surfaces form the highest number of adhesions after 1 day 
(Figure 5.20 A). After 3 days cells on the smallest nanopatterned surfaces, the 0300B 
and 0300M surfaces, display the highest number of adhesions, reaffirming the 
previously discussed nanopattern size influence on increased adhesion site formation 
(Figure 5.20 D). Furthermore, cells on the 25Au and 10G surfaces show the ability to 
form large adhesions with a large increase in adhesion site formation at the cell 
periphery after 1 and 3 days in culture (Figure 5.20 C,F) while cells on all of the 
nanopatterned surfaces form significantly fewer large adhesions compared to controls 
that is more evident after 3 days in culture (Figure 5.20 F). Normalizing the number of  
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Figure 5.20: Adhesion Number Distributions for Cells on Nanopatterned and Control 
Surfaces: After 1 and 3 days in culture, cells on 0300B (small green triangle), 0300M 
(small green dot), 1500B (large green dot), 1500M (large green triangle), 25Au (yellow 
square) and 10G (black square) surfaces were fixed, their vinculin-containing adhesions 
fluorescently labeled, and the number of adhesion sites in each cellular region as a 
function of their normalized distance from the cell center quantified. The adhesion site 
number distributions for (A, D) all of the adhesions, (B, E) the small adhesions (< 1 µm2), 
and (C, F) the large adhesions (> 1 µm2) are shown.  
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adhesions per area gives more insight into the adhesive states of cells cultured on the 
nanopatterned surfaces.  
After 24 hours cells on the 0300B surfaces display a significantly higher density of 
evenly distributed small adhesions throughout the cell body compared to cells on all 
other surfaces (Figure 5.21 A). The 0300M surfaces display the second highest density of 
small adhesions followed by cells on both the 1500B and 1500M surfaces which show 
almost identical adhesion site density distributions (Figure 5.21 A). This indicates that 
the average adhesion site size is influential over the absolute number of adhesions 
formed by cells. If the ability to form large adhesions is taken away then cells respond by 
forming extremely high numbers of smaller, more evenly distributed adhesions. If the 
adhesion sites are allowed to slightly grow in size as seen in the cells on the 1500B and 
1500M surfaces then there is a slight decrease in the number of adhesions formed but 
still not as low as cells on non-patterned control surfaces that form relatively fewer but 
larger adhesion sites.  Cells grown on non-patterned control surfaces have similar trends 
in adhesion site density but with much lower overall values (Figure 5.21 A). After 3 days, 
the nanopattern size has a more significant influence on adhesion site density 
distribution (Figure 5.21 D). HUVECs cultured on the smallest nanopatterns, 0300B and 
0300M with FN nanoislands below 10,000 nm2 in area, form almost identical density 
distributions, with a value of 4,000 adhesions/5,000 µm2 three tenths of the way 
between the cell center and periphery that steadily drops to a value of 
2,000 adhesions/5,000 µm2 at the cell periphery (Figure 5.21 D). Cells on larger 
nanopatterned surfaces, 1500B and 1500M surfaces with FN nanoislands larger than 
40,000 nm2 in area follow a similar but not so pronounced increase of adhesion site 
density near the cell center followed by a decrease in adhesion density at the cell 
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periphery (Figure 5.21 D). The trends observed in cells on all nanopatterned surfaces are 
drastically different from the density distributions measured in cells on controls 
(Figure 5.21  D). Cells on control surfaces quickly reach a density saturation value just 
outside of the cell center and maintain this constant value all the way to the cell 
periphery (Figure 5.21 D). Furthermore, the suppression of large adhesion site 
formation can be observed in the significantly lower large adhesion density values of 
cells on all nanopatterned surfaces after 3 days in culture (Figure 5.21 F) verifying the 
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Figure 5.21: Adhesion Site Density Distributions for Cells on Nanopatterned and 
Control Surfaces: After 1 and 3 days in culture, cells on 0300B (small green triangle), 
0300M (small green dot), 1500B (large green dot), 1500M (large green triangle), 25Au 
(yellow square) and 10G (black square) surfaces were fixed, their vinculin-containing 
adhesions fluorescently labeled, and the adhesion site density in each cellular region as 
a function of their normalized distance from the cell center quantified. The adhesion site 
density distributions for (A, D) all of the adhesions, (B, E) the small adhesions (< 1 µm2), 
and (C, F) the large adhesions (> 1 µm2) are shown.  
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Summary 
The results indicate that restricting adhesion site growth to very small adhesions 
can have a significant influence on the number, type, density, and distribution of 
vinculin-containing adhesions. Compared to cells on control surfaces, cells on 
nanopatterned surfaces adhere with a significantly increased number of more densely 
packed, smaller adhesions. While the dual surface chemistry shows ability to suppress 
large adhesion site formation after 1 day in culture  this suppression is greatly enhanced 
after 3 days in culture, again indicating a 3 day response time for cells to fully react to 
differences in surface properties. Furthermore, cells respond to both the surface density 
and size of the nanopatterns. After one day in culture, cells on M-type surfaces form 
more adhesions than cells on B-type surfaces with similar pattern sizes. This occurrence 
indicates that cells recognize the density of patterns and attach to any available FN after 
1 day. After 3 days, imposed restrictions on adhesion site size were shown to have the 
most influence on the number, density, and distribution of adhesions formed. Cells 
seeded on nanopatterns with average sizes above 40,000 nm2 respond by forming 
higher density, more evenly distributed adhesions than cells on control surfaces. Cells 
cultured on nanopatterned surfaces presenting FN nanoislands below 10,000 nm2 form 
extremely dense adhesions with a higher local of adhesions just outside the cell center. 
These differences in adhesive states as imposed by limiting adhesion site growth to 
nanometer size FN islands indicate a different type or quality of adhesion formed by 
cells on the nanopatterned surfaces. Further studies concerning actin cytoskeletal and 
FN fibril formation support this proposed change in the quality of adhesions and is 
discussed in Chapters 6 and 7. 
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5.4 Discussion 
The collective results demonstrate that surface energy, FN surface 
concentration, and limiting adhesion site growth can all influence cell adhesive 
properties. Through the comparison of adhesive states between cells cultured on Au 
and glass surfaces displaying similar surface densities of FN it was shown that 
differences in surface chemistry can induce some changes in adhesion site behavior. 
Cells on glass surfaces show the propensity to generate large surface contact areas by 
enlarging existing focal adhesions while simultaneously dissolving small focal complexes 
over a 3 day period. Cells on Au surfaces with similar FN densities do not undergo this 
size enlarging of focal adhesions and maintain their surface contact area by forming a 
slightly increased number of small adhesions over time. Cells cultured on glass surfaces 
show the ability to form focal complexes, focal adhesion, and fibrillar adhesions and 
create dense interconnected FN networks, while cells on similar density Au surfaces do 
not create FN fibrils and therefore most likely do not create fibrillar adhesions. Further 
support for this claim comes from the finding that cells on hydrophilic surfaces form 
adhesion sites rich in α5β1 integrins, 115,117,121 those used for the creation of fibrillar 
adhesions, 16 while cells on hydrophobic surfaces tend to form adhesion sites rich in 
αvβ3 integrins. This impaired ability of cells on Au surfaces to transition to fibrillar 
adhesions is the most likely factor in producing the observed differences in adhesive 
states between cells on Au and glass surfaces.  
Further studies using thiolated Au surfaces with varying densities of adsorbed FN 
indicated that FN concentration can have some influence on adhesion site formation, 
although not as pronounced as differences in surface chemistry. Surfaces saturated with 
FN increase the propensity of cells to form more, large focal adhesions. Surfaces 
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displaying intermediate levels of FN induce cell adhesion formation similar to surfaces 
with lower levels of FN, although it again should be noted that initial cell attachment 
and long term proliferation is significantly impaired in cells seeded on 2Au surfaces. 6 
Cells on these surfaces display an impaired ability to form large adhesions after 3 days in 
culture and compensate by forming slightly increased numbers of small adhesions 
similar to the comparison between cells on 10G and 10Au surfaces. While the influences 
of surface chemistry and FN surface density take 3 days to induce pronounced 
differences in cell adhesive states, limiting adhesion site growth through cell 
interactions with nanopatterned surfaces induces significant differences in adhesive 
properties after just 1 day in culture and even more significant changes after 3 days. 
The results indicate that cells can recognize and react to both nanopattern 
surface coverage and nanopattern size. The formation of more adhesions by cells to M-
type surfaces compared to cells on similar sized B-type surfaces after 1 day indicates 
that cells adhere to almost all of the available nanopatterns. Even though the absolute 
number of adhesions on M-type surfaces is higher, the normalized density values show 
that cells on the smallest nanopatterns, below 10,000 nm2 in size, form the highest 
density of adhesions. All cells on all surfaces show a linear increase of large adhesion 
site formation with increased cell spreading after 24 hours implying that the formation 
of large adhesions is helpful in producing the traction force for cells to pull themselves 
to spread across the surface. Since cells on the small nanopatterns show a significant 
impairment in the formation of large adhesions they do not spread as well and 
consequently display higher values of adhesion site density. While this explains the 
changes in adhesion site density after 1 day in culture it does not account for the 
differences observed after 3 days. Cells on all nanopatterns produce almost no large 
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adhesions but still remain spread on the surface. This indicates the large adhesions are 
needed to initiate and to reach desired spreading areas but are not necessary for long 
term maintenance of spreading. Furthermore, the adhesion site density distributions 
indicate that nanopattern size has a significant influence on the distribution of adhesion 
sites. Cells seeded on surfaces displaying the smallest nanopatterns, below 10,000 nm2 
in size, show almost identical trends in adhesion site distribution regardless of the 
nanopattern surface coverage. This also holds true for cells seeded on nanopatterned 
surfaces with FN nanoislands greater than 40,000 nm2. Cells on these surfaces show 
identical trends in adhesion site distribution even though the nanopattern surface 
densities are different. This occurrence indicates that nanopattern size becomes the 
dominating influence over adhesion site formation after 3 days in culture and most 
likely retains its dominance until the cells form multiple cell-cell contacts with each 
other and form a confluent sheet.  
Limiting adhesion site growth to below 10,000 nm2 most likely limits the 
maturation of adhesions and only allows cells to form early complexes and in some 
cases fibrillar adhesions. Further evidence for this claim is introduced in Chapters 6 and 
7 and shows that cells cultured on the smallest nanopatterns are not able to form well-
defined actin stress fibers but can still form FN fibrils. This impairment of stress fiber 
formation indicates that these cells do not form adhesion sites containing high 
concentrations of cytoskeletal-linking adaptor proteins and most likely are limited in 
maturation to the formation of early focal complexes. In contrast, cells on the larger 
nanopatterned surfaces with nanopatterns larger than 40,000 nm2 are able to form well 
defined stress fibers although the actin networks are not as dense as those seen in cells 
on non-patterned control surfaces. This adhesion size dependent transition to 
 154  
cytoskeletal linkage indicates that cells cultured on larger nanopatterns are able to form 
more mature focal complexes that contain cytoskeletal-linking adaptor proteins but 
rarely form large classical focal adhesions as seen in cells on non-patterned control 
surfaces. 
5.5 Conclusions 
A semi-automated image processing method was created that allowed for more 
accurate detection of very small focal complexes than existing available image 
processing techniques. A semi-automated adhesion analysis algorithm was developed to 
quantify changes in the number, density, location, size, total adhesion area, and percent 
adhesion of cells cultured on surfaces. The combined image processing and adhesion 
site analysis methods provided a powerful tool for analyzing and comparing different 
states of adhesion as induced by engineered surfaces. Surface chemistry, FN surface 
density, and imposed limitations on adhesion site growth all have an influence on 
adhesion site formation. While other studies have shown interesting changes in cell 
behavior in response to nanostructured surfaces, this is the first study to provide direct 
evidence over adhesion site size control in the nanometer regime. Furthermore, both 
focal complexes and focal adhesions were analyzed giving a more complete picture of 
cell adhesion while most studies only analyze large classical focal adhesions. Most 
importantly, it was demonstrated that cells react to nanopatterned surfaces by forming 
an increased number of smaller, more densely packed vinculin-containing adhesions and 
that the density and distribution of these adhesion sites can be modulated by tuning the 
size of the underlying FN nanoislands. Further studies concerning cytoskeletal formation 
and the mechanotransductive abilities of cells including cell spreading, fibrillogenesis, 
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and cell motility further indicate that limiting adhesion site size can be used to modulate 
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Chapter 6 
Actin Cytoskeleton Properties 
6.1 Introduction  
The formation of a well-defined actin cytoskeletal network is essential for 
cellular force transduction and the creation of traction forces for cell spreading, motility, 
ECM remodeling, and the intracellular signaling. The actin cytoskeletal network is 
composed of stress fibers, bundles of small F-actin fibers that are responsible for 
transmitting force to the underlying surface through direct attachment to adhesion sites 
via α-actinin, talin, and various other adaptor and scaffold proteins. 13,206,207 To gain an 
understanding of how restricting adhesion site size can influence actin cytoskeletal 
formation, a method to quantify the number of actin stress fibers per cell and to 
account for changes in cell spreading, the actin stress fiber density, was developed. 
Since actin ties directly into adhesion sites and since recent studies have shown that 
adhesion site components play an important role in the linking of short F-actin fibers to 
form longer fibers in freshly seeded cells and in podsome formation it is hypothesized 
that the nanopatterned surfaces should influence cytoskeletal formation. 68,69,174 
6.2 Materials and Methods 
6.2.1 Cells and Reagents 
Refer to Section 4.2.5, only non-pooled HUVECs were used for these 
experiments. 
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6.2.2 Nanopattern Fabrication and Surface Functionalization 
See Sections 3.2.1 and 4.2.2 for nanopattern fabrication and functionalization 
respectively.  
6.2.3 Fluorescent Labeling and Imaging of Actin  
See Section 4.2.6. 
6.2.4 Image Processing and Actin Analysis 
The acquired fluorescently labeled actin images were processed using a 
technique similar to that described in Section 5.2.4. The images were processed with a 
FFT filter to reduce noise and remove background signal, but instead of being iteratively 
thresholded, the FFT filtered images were used directly to measure the number of actin 
fibers per cell cross section and the actin fiber density (number of fibers per cross 
section length). The number of stress fibers per cell was determined by drawing a line 
across the entire cell body perpendicular to the direction of the dense peripheral bands 
using the line feature in ImageJ (NIH, Bethesda, Maryland). An intensity plot of the line 
was created and fit with Gaussian peaks using PeakFit software (Systat Software, Point 
Richmond, CA). The number of Gaussians fit to the drawn line was reflective of the 
number of actin stress fibers present in the cross section as determined by visual 
inspection. The fiber density was calculated by measuring the distance across the entire 
cell from the center point of one peripheral band to the center point of the peripheral 
band on the other side of the cell and by dividing the number of fibers by this length 
measurement. The fiber density measurements were scaled to 10 µm giving a measure 
of actin stress fiber density as the number of stress fibers per 10 µm length across the 
cell. The dense peripheral bands were not included in the actin stress fiber count or in 
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the stress fiber density measurements. All cells, even those that did not form many 
stress fibers were able to create a dense peripheral band and since the cells on some 
nanopatterned surfaces did not spread well, the inclusion of dense peripheral bands 
into the stress fiber number and density measurements induced inflated values for 
these measures.  
6.2.5 Statistical Analysis 
See Section 5.2.5. 
6.3 Results 
The results from cells on Au control surfaces with varying FN surface concentrations 
indicate that FN concentration has some influence on the formation of stress fibers after 
1 day in culture but not after 3 days (Figure 6.1 A,B). Nanopatterned surfaces have a 
significant impact on stress fiber formation and their influence stems from multiple 
factors including nanopattern size, spacing, and perhaps density. The analysis of cells 
cultured on thiolated Au control surfaces with varying surface concentrations of FN 
shows a trend of increased stress fiber formation with increased FN surface 
concentration, from 10 to 26 fibers per cell for the 2Au and 25Au surfaces respectively 
(Figure 6.1 A). The stress fiber density measurements verify that FN surface density can 
influence actin stress fiber formation (Figure 6.1 B). Cells cultured on 2Au surfaces only 
form 3 stress fibers per 10 µm cross section while cells on 25Au surfaces form twice the 
density at 6 stress fibers per 10 µm (Figure 6.1 B). The number of stress fibers formed by 
cells cultured on Au control surfaces displays a linear increase with increased FN surface 
concentration (Figure 6.1 A) but the actin fiber densities are very similar for cells on all 
Au controls at 5 stress fibers per 10 µm after 3 days (Figure 6.1 B).  
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Figure 6.1: Actin Stress Fiber Properties: Cells were seeded on nanopatterned surfaces 
(green), gold control surfaces with varying FN surface densities (yellow), and glass 
control surfaces (black). After 1 and 3 days in culture the cells were fixed, stained for 
stress fibers, imaged, and their actin stress fiber properties measured. (A) The number 
of stress fibers per cell cross-section was measured and (B) normalized and scaled to 
determine the stress fiber density. (C) Cells on nanopatterned surfaces (0300B in C) 
create fewer numbers of stress fibers and less dense stress fiber networks compared to 
cells on (D) Au control surfaces (25Au in D). * Statistically more actin stress fibers than 
all nanopatterns (p < 0.03). # Statistically more actin stress fibers than cells on 0300B 
nanopatterned surfaces (p < 0.03). Scale bar = 25 µm. 
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The nanopatterned surfaces somewhat inhibit stress fiber formation and cells 
cultured on control surfaces form significantly more actin stress fibers with increased 
densities compared to cells on nanopatterned surfaces (Figure 6.1). Cells on all 
nanopatterned surfaces create significantly fewer numbers and densities of actin stress 
fibers over a 3 day period compared to cells seeded on thiolated Au surfaces displaying 
2,474 FN/µm2 (Figure 6.1 A). There were also differences observed between cells 
seeded on the different nanopatterned surfaces. Cells grown on 0300B surfaces created 
significantly fewer stress fibers than cells on 1500M surfaces, while cells cultured on 
0300M and 1500B surfaces did not show any significant differences in the number of  
fibers created compared to cells on the other nanopatterned surfaces. Furthermore, the 
actin fiber density was significantly higher in cells on 0300B surfaces compared to cells 
on 0300M surfaces (Figure 6.1 A,B).  
A closer analysis shows that cytoskeletal formation for cells cultured on 
nanopatterned surfaces is dependent on both nanopattern size and interpattern 
spacing. The 0300M and 0300B surfaces present similar attachment areas with different 
island-to-island spacing but show significant differences in actin fiber densities after 
1 day in culture  (Figure 6.1 B). While cells on 0300B surfaces created very low density 
fiber networks, 1 fiber/10 µm, cells on 0300M created significantly more dense 
networks of 3 fibers/10 µm (Figure 6.1 B). The small nanopattern size on the 0300B 
surfaces greatly suppresses  stress fiber formation as seen in Figure 6.1 A and 
Figure 6.2 A. Although 0300M surfaces display a similar nanopattern size to 0300B 
surfaces, the nanoscale adhesive sites are spaced closer together and are only separated 
by 177 nm compared to 300 nm for the 0300B surfaces. This close proximity of the 
nanoislands on the 0300M surfaces allowed for thin fibers emanating from small 
 161  
individual adhesion sites to be joined into larger bundles thereby forming stress fibers 
(Figure 6.2 B). The white arrows in Figure 6.2 B indicate locations of stress fiber 
bundling. The white arrow on the left side of Figure 6.2 B shows were four small actin 
fibers stemming from individual small adhesions are joined together to form a thicker 
stress fiber bundle. The white arrow on the right points out a similar event where 3 
fibers are joined to an existing fiber.  
A similar nanopattern spacing dependence on stress fiber bundling was observed 
between cells on the 1500B and 1500M nanopatterned surfaces (Figure 6.2 C,D). Cells 
on both of these surfaces are able to form adhesion sites that tie into small stress fibers, 
yet the adhesions are much smaller than 1 µm2 implying that the adhesions are not 
typical of large, classical focal adhesions. While the nanoislands for these surfaces are 
large enough to allow for the formation of adhesions that tie into well-defined stress 
fibers, the density of the networks were still significantly lower than those created by 
cells on homogenously coated controls with high FN surface densities (Figure 6.1 B). The 
same occurrence of adhesion site spacing influence on stress fiber bundling was also 
observed in these cells. Cells cultured on 1500M surfaces display the ability to bundle 
multiple fibers together that each start from an individual adhesion. The larger spacing 
of 1.5 µm between adhesion sites on 1500B surfaces was too large for cells to bundle 
fibers together (Figure 6.2 C,D). Figure 6.2 C shows that fibers created on the 1500B 
surfaces do not get bundled together and continue through the cell body as separate 
entities from the adhesions they are linked to. Figure 6.2 D shows that the nanopatterns 
on the 1500M surfaces are spaced close enough so that fibers stemming from individual 
adhesions can be joined together to form larger stress fibers. 
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Figure 6.2: 160X Magnification Images of Actin Stress Fibers and Vinculin-Containing 
Adhesion Sites of Cells on Nanopatterned Surfaces: Cells were cultured on 
nanopatterned surfaces for 1 day, fixed, stained for vinculin and actin, and imaged. (A) 
Cells cultured on 0300B surfaces were not able to form many actin stress fibers. Stress 
fiber production was increased by (B) culturing cells on nanopatterned surfaces with 
closer interpattern spacing (0300M) or (C) by culturing cells on larger nanopatterns that 
allow for the creation of stress fiber linked adhesion sites (1500B). (D) Combining the 
size and spacing effects induced cells to create more-dense actin fiber networks similar 
to cells on control surfaces (1500M). The white arrows (B,D) indicate regions were single 
small fibers were bundled to form larger stress fibers. Scale bar = 10 µm. 
The white arrow on the right in Figure 6.2 D highlights a region where 
approximately 17 individual fibers to the right of the arrow are joined into 7 larger fibers 
at the arrow that are then bundled again at the white arrow on the left and continue 
through the cell as 4 large stress fibers. The nanopattern spacing influence on actin fiber 
bundling is also reflected in the stress fiber density data (Figure 6.1 B). Cells on both B-
type surfaces form less dense actin networks compared to cells on M-type surfaces with 
similar nanopattern sizes, although only the 0300M and 0300B show statistically 
significant differences from each other (Figure 6.1 B).  
6.4 Discussion 
The results indicate that FN surface density influences stress fiber formation at 
early time points and that lower surface concentrations of FN reduce the propensity for 
cells to create dense stress fiber networks. Limiting adhesion site growth in cells on the 
nanopatterned surfaces induced three separate regimes of cytoskeletal formation. Cells 
 164  
on the smallest nanopatterns, 0300B, displayed an impaired ability to form stress fibers 
due to limitations imposed on adhesion site size. This restriction could be overcome by 
two means; increasing the nanopattern size as demonstrated with 1500B surfaces or by 
decreasing the pattern spacing as demonstrated with 0300M surfaces. Both of these 
changes in nanopattern properties led to more-dense cytoskeletal networks compared 
to cells on 0300B surfaces but by different means. The 1500B surfaces have much larger 
nanopatterns, 222 nm, compared to 0300B surfaces with nanopatterns 92 nm in size. 
Increasing the size of the pattern results in the formation of larger adhesions that 
support stress fiber linkage to the adhesion plaques thereby increasing the overall actin 
fiber density in cells on these surfaces, although the density is still significantly lower 
than cells on control surfaces. Cells cultured on 0300M surfaces also display more-dense 
stress fiber formation than cells on 0300B surfaces but reach this increased density 
through a different mechanism than increased adhesion site size. The nanopattern size 
for both the 0300B and 0300M surfaces is very similar, 92 and 94 nm respectively, yet 
the spacing between patterns is quite different, 300 and 172 nm respectively. The 
tighter packing and closer proximity of adhesions formed by cells on the 0300M surfaces 
allowed small F-actin fibers linked to these sites to be joined into larger bundles thereby 
creating stress fibers. This demonstrates that more-dense fiber networks can be created 
by tuning both the nanopattern size and interadhesion site spacing. The fourth regime 
of cytoskeletal density was created in cells cultured on 1500M surfaces. These surfaces 
combine the influence of both increased adhesion site size and closer interadhesion site 
spacing. The combined effects result in cells that produce significantly more actin stress 
fibers that are much more-dense than those created in cells cultured on 0300B surfaces. 
While the measures of cytoskeletal networks for cells on 1500M surfaces move toward 
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that of high FN surface density controls, the number of fibers created and the density of 
fibers is still significantly lower than cells on 25Au surfaces. 
Similar reports of disrupted actin cytoskeletal formation have been reported in 
cells seeded on soft elastic surfaces. 39,40,208,209 Interestingly, these cells also exhibit 
similar adhesion site behavior displaying small, more dynamic punctuate adhesions 
throughout the cell body. 39,126,209 This finding, along with the results presented here, 
demonstrates that the formation of large adhesions that support force transduction are 
necessary for the creation of dense actin fiber cytoskeletal networks. Furthermore, it 
has been shown that cells lacking Shp2 display a higher density of small focal complexes 
deficient in α-actinin and that force-dependent strengthening of the adhesion sites 
correlated with α-actinin assembly and decreased adhesion site dynamics. 80 FAK was 
shown to play an important role in regulating this process. 80 This finding shows that the 
incorporation of cytoskeletal linking and adaptor proteins into adhesion sites via their 
indirect association with FAK is important for cytoskeletal formation. Furthermore, 
elaborate studies examining the interactions of adhesive components with F-actin in 
freshly seeded cells shows that the formation of vinculin singlets or doublets with F-
actin cores is needed to link small F-actin fibers together to form longer F-actin 
fibers. 174 Similar instances of adhesive components surrounding F-actin cores have 
been reported in podosome formation, short cellular extensions that release ECM 
degradation enzymes needed for cell motility in tight matrices. 68,69 These two studies 
suggest that certain adhesive components can play some role in actin organization for 
early forms of actin formation. The results demonstrated here further hint to a role of 
adhesion sites in actin organization.  
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The finding that cells cultured on 0300B surfaces do not form many adhesion 
linked stress fibers further validates the claim that the normal maturation process of 
adhesion sites is retarded in cells on nanopatterned surfaces due to the adhesion site 
growth restrictions imposed by the orthogonal surface chemistry. Cells on these 
surfaces display interactions with actin similar to those observed by nascent adhesions 
in freshly seeded cells before the complexes matured into stress fiber linked focal 
adhesions. 174 These very small growth limited adhesions may be limited to the 
formation of early focal complexes that lack much α-actinin and the ability to link to 
actin stress fibers. The combined effects of limiting adhesion site growth and preventing 
the application of force to adhesions through actomyosin machinery is shown to have 
an influence on cell spreading and motility in the following chapters.  
6.5 Conclusions 
It was demonstrated that cells on all nanopatterned surfaces show a slightly 
impaired ability to create actin stress fibers that results in less-dense stress fiber 
cytoskeletal networks compared to cells on control surfaces. It was demonstrated that 
the ability to form stress fiber linked adhesions is influenced by adhesion site size and 
that the ability to form stress fibers made of bundled F-actin fibers is dependent on 
adhesion site spacing. These differences in cytoskeletal properties as regulated by 
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Chapter 7 
Fibrillogenesis 
7.1 Introduction  
Fibronectin is a complex ECM protein composed of three subunits containing 
both easily accessible and cryptic integrin binding sites, as well as areas for linkage to 
other ECM proteins and FN itself. 210 It exists as a soluble dimer in solution and upon 
activation by integrin binding and the application of cellular force undergoes elongation 
and fibril formation, a process termed fibrillogenesis. 13,43 While still not fully 
understood, fibrillogenesis is initiated by the binding of αvβ3 and α5β1 integrins to the 
available RGD and synergistic binding sites while FN is in its compact form. FAK is then 
incorporated into the adhesion, phosphorylated, and begins recruiting Src that provides 
adhesion site linkage to the cytoskeleton though Shp2 and various other adaptor 
proteins. More integrins accumulate in the FN associated adhesion site forming a 
platform for the assembly of a small focal complex that matures into a larger focal 
adhesion. Through an unknown mechanism a fibrillar adhesion rich in α5β1 integrins and 
tensin begins breaking away from the focal adhesion. The focal adhesion at the end of 
the FN acts as an anchoring point as the attached fibrillar adhesion translocates toward 
the cell center via myosin interactions with actin stress fibers, thereby stretching the FN 
creating a fibril. Currently, two models of FN fibril formation and fibril elongation 
exist. 211,212 Both relate the formation of fibrils to applied cellular forces but the exact 
confirmation of the formed fibrils is still under debate. The first model suggests 
quaternary transformation in which fibrils under applied stress do not change their 
tertiary or secondary structures but a transformation from a compact to a more 
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elongated form is achieved. 43,211,213 The second model suggests that FN extension is 
achieved by unfolding of the tertiary type III domains which have a free energy of 
denaturation similar to the force generated by myosin motors. 212 Recent studies have 
shown that fibril alignment and elongation is dependent on the balance of forces 
between integrin-FN binding and FN-substrate binding. 214 If the direction of applied 
force is perpendicular to the elongated fibrils and the FN-surface interactions are not 
very strong, then the cell can pull the FN underneath itself. If the direction of applied 
force is parallel to the fibrils and the FN-surface interactions are strong, then the cells 
will leave the fibrils on the surface resulting in FN trails. Regardless of the exact 
mechanism, the unfolding or stretching of FN exposes previously hidden ECM and FN 
binding sites as well as additional cryptic cellular adhesion sites. 43,213 As more force is 
applied to the protein and fibril formation continues, it begins binding to neighboring 
stretched FN molecules creating a dense interconnected network underneath the cell 
that can be interconnected with fibrils under neighboring cells. This dynamic process is 
crucial to the formation of natural ECM and has been observed in numerous cell types. 
The importance of mechanotransduction processes in fibrillogenesis is extremely 
evident and is thought to rely on Rho-dependent actin stress fiber formation as well as 
the formation of large, mature focal and fibrillar adhesions to act as the necessary 
machinery to form these fibers. 16,213,215 The ability of cells to perform this task was 
tested on nanopatterned surfaces. Even though cells on nanopatterned surfaces 
displayed reduced actin stress fiber cytoskeletal networks some of the nanopatterned 
surfaces allowed for the creation of FN fibrils. The density of fibrils created by cells on 
nanopatterned surfaces was less than those created by cells on glass and low FN density 
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Au controls. Furthermore, the underlying nanogeometry had an influence on the density 
and length of the formed fibrils.   
7.2 Materials and Methods 
7.2.1 Cells and Reagents 
Refer to Section 4.2.5, only non-pooled HUVECs were used for this experiment. 
7.2.2 Nanopattern Fabrication and Surface Functionalization 
See Sections 3.2.1 and 4.2.2 for the fabrication and functionalization techniques 
respectively.  
7.2.3 Fluorescent Labeling and Imaging 
See Section 4.2.6. 
7.2.4 Image Processing of Fluorescently Labeled FN Fibrils 
The same image processing technique described in Section 5.2.4 was 
implemented to process the fluorescently labeled FN images. The FFT filtered and 
iteratively thresholded images were used to measure the percentage of FN underneath 
the cells by measuring the total surface area of FN in fibril form and dividing it by the 
cell spread area. The FN fibril lengths on the nanopatterned surfaces were measured by 
hand using ImageJ (NIH, Bethesda, Maryland), this measurement was not made for cells 
on control surfaces. The interconnectedness of the FN networks in cells on control 
surfaces made it impossible to trace the length of one single fibril. The measurement 
was applied to fibrils formed on the nanopatterned surfaces due to their lack of 
branching points and their straight line appearance.  
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7.2.5 Statistical Analysis 
Refer to Section 5.2.5. 
7.3 Results 
The occurrence and extent of fibrillogenesis was monitored in cells on 
nanopatterned and control surfaces to gain insight into any possible differences in the 
mechanotransductive abilities of cells seeded on nanopatterned surfaces. The results 
indicate that a number of surface properties influence fibrillogenesis. Underlying surface 
chemistry, FN surface concentration, and nanopattern geometry all have some influence 
on fibrillogenesis.  
 
Surface Chemistry Influence on Fibrillogenesis 
HUVECs were cultured on homogenously FN coated Au and glass surfaces with 
similar FN densities. The results indicate that fibrillogenesis is induced in cells on glass 
surfaces but not observed in cells on Au surfaces with similar FN surface densities 
(Figure 7.1 B versus C). ECs cultured on homogenously coated glass surfaces formed 
dense, interconnected FN networks covering 11 % of the surface underneath the cell 
body after 24 hours and these dense networks persisted for 3 days in culture 
(Figure 7.2 B). In contrast, HUVECs grown on homogenously coated thiolated gold 
surfaces with FN surface concentrations above 600 FN/µm2, 10Au and 25Au surfaces, 
formed almost no fibers at all (Figure 7.1 B and Figure 7.2 B). The reason for limited fibril 
formation in cells seeded on thiolated Au surfaces compared to cells on glass surfaces is 
most likely due to differences in the confirmation of the adsorbed FN which can 
influence integrin type and the molecular composition of the adhesions as discussed in 
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Section 2.5. It has been demonstrated that cells utilize and express more α5β1 integrins 
when attaching to FN adsorbed to hydrophilic surfaces (glass) compared to cells 
attached to FN adsorbed to hydrophobic surfaces (thiolated Au). 117,121 Since α5β1 
integrins are known be the dominant integrin type in fibrillar adhesions, one would 
expect increased fibrillogenesis in cells cultured on glass surfaces compared to those on 
thiolated Au surfaces. 
 
FN Surface Concentration Influence on Fibrillogenesis 
 While cells cultured on Au surfaces with FN surface concentrations greater than 
600 FN/µm2 show no signs of fibrillogenesis, cells on low density FN surfaces create a 
significant number of FN fibrils even though the surfaces were blocked with BSA 
(Figure 7.1 A versus B). This shows that cells are not only sensitive to the underlying 
chemistry but also to the initial FN surface concentration at the time that they are 
seeded. The number of cells that created dense FN fibril networks and the density and 
interconnectedness increased with decreasing FN surface concentration (Figure 7.1 A 
versus B, Figure 7.2 B). As the surface concentration of FN was reduced from 2,474 to 
537 FN/µm2 the FN fibril coverage increased from 2 to 15.5 % and the percentage of 
cells that created these networks increased from 20 to 90 % (Figure 7.2 A,B). Since there 
is very little FN available for adhesion formation and attachment on the 2Au surfaces, 
the cells most likely react by producing their own FN.  
Close examination of the fluorescent FN images shows that the networks created by 
cells on Au surfaces have a different appearance then those created by cells on glass 
surfaces. Cells on glass surfaces create thick, long fibers that are highly interconnected, 
(compare Figure 7.1 A to C) while cells on Au surfaces create thin relatively shorter FN  
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Figure 7.1 FN Fibril Formation: Cells were seeded on control and nanopatterned 
surfaces, fixed, and stained for FN (blue) and vinculin (green). (A) Cells on low density FN 
surfaces are able to from thin interconnected FN fibril networks. (B) Cells on high 
density FN surfaces form almost no FN fibrils. (C) Cells on glass surfaces form thicker 
more dense and interconnected FN networks. The white arrows in (C) indicate the 
creation of depletion zones where the cell has scooped the FN from the surrounding 
surface and bundled it to create the fibril network under the cell. (D) Cells on B-type 
surfaces form shorter, thinner FN fibrils whose width and length are somewhat 
determined by the nanopattern size and spacing respectively. Scale bar = 25 µm. 
fibrils with many branching points but with relatively less interconnectivity to other 
fibers. While the exact reason for these differences in FN network appearance is 
unknown, it may be due to differences in surface properties between Au and glass. The 
increased hydrophobicity of the thiolated Au surfaces may prevent the bundling of  
many FN fibrils together since the deposited FN is more tightly bound to the Au surface 
compared to FN deposited on the glass surface. The arrows in Figure 7.1 C indicate FN 
depletion zones where the cells on glass surfaces were able to scoop up the surrounding 
FN and pull it under them to create thicker FN bundles, an occurrence not seen in cells 
on Au surfaces. This difference in the ability of cells to scoop FN from the surface 
depending on the surface energy hints to both differences in the direction of applied 
force from the cell to the FN and possibly to differences in FN-surface binding strength 
between Au and glass surfaces. 214 
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Figure 7.2: FN Fibril Properties Formed by Cells on Control and Nanopatterned 
Surfaces: (A) Shows that the percentage of cells that undergo fibrillogenesis is 
dependent on the FN surface density, underlying surface chemistry, and nanopattern 
geometry. (B) Graph showing the percent surface area covered with FN fibrils 
underneath the cell with respect to the cell spreading area for cells that create fibrils. 
Cells on low-density coated Au surfaces and on glass controls create dense 
interconnected fibril networks, while cells seeded on Au controls with higher FN 
concentrations do not create many fibrils. Cells on nanopatterned surfaces create 
similar amounts of fibrils after 24 hours, but the density of the networks is greatly 
reduced on M-type surfaces after 3 days. * Indicates significantly more FN % area than 
all surfaces after 24 hours (p < 0.016). # Indicates significantly less FN % compared to 
2Au, 10G, and all nanopatterned surfaces after 24 hours (p < 0.05). * Indicates 
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Nanopattern Influence on Fibrillogenesis 
The extent of fibril formation was also examined in cells cultured on 
nanopatterned surfaces. The results indicate that nanopattern geometry has some 
influence on the occurrence and extent of fibrillogenesis. It was hypothesized that fibril 
formation would be decreased in cells on nanopatterned surfaces; particularly in cells 
seeded on surfaces with very small nanopatterns due to the lack of dense actin 
networks in these cells. However, it was discovered that cells seeded on small 
nanopatterns were indeed able to form thin FN fibrils whose width seemed to be 
determined by the underlying nanopattern size and whose length was influenced by 
both the underlying pattern geometry and interisland spacing. The fibrils formed by cells 
on nanopatterned surfaces were also quite different in their interconnectedness 
compared to the dense networks created by cells on 10G and 2Au control surfaces 
(Figure 7.1 D). The fibrils on nanopatterned surfaces were thin, long structures that ran 
in straight lines and very seldom branched off or made connections with neighboring 
fibers (Figure 7.1 D). These thinner, long parallel fibrils were similar in appearance to 
those observed in cells cultured in 3-D FN matrixes. 48 
A slight dependence on the geometrical configuration of the underlying 
nanopatterns was observed. Cells cultured on B-type surfaces displayed an increased 
propensity to create fibrils compared to cells on M-type surfaces. 100 % of the cells 
cultured on 0300B nanopatterned surfaces created fibrils while a slightly lower 
percentage of cells, 70 %, on 0300M surfaces created fibrils after 24 hours 
(Figure 7.2 A). This trend was realized between cells on larger nanopatterned surfaces. 
90 % of the ECs on 1500B surfaces created fibrils while only 65 % of the cells on 1500M  
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Figure 7.3: FN Fibril Formation is Dependent on Nanopattern Properties and Direction 
of Applied Force: Cells were seeded on 1500B (A-C) and 1500M (D-F) surfaces, fixed, 
and stained for actin stress fibers (red) and FN (blue). (A) Cells on 1500B surfaces display 
a higher propensity to create FN fibrils compared to cells on (B)1500M surfaces implying 
that the underlying geometry influences fibril formation. The direction of fibril 
formation correlates with the direction of applied force as indicated by colocalization 
with the actin stress fibers (C). Even though stress fibers are formed by cells on 1500M 
surfaces, the geometrical configuration of the nanopatterns does not allow for fibers to 
be bridges across multiple nanopatterns. Scale bar = 10 µm. 
surfaces showed signs of fibrillogenesis (Figure 7.2 A). This indicates that the 
nanogeometry or perhaps spacing of the underlying nanopattern is important in 
promoting fibrillogenesis. The observed trend of enhanced fibril formation on B-type 
surfaces was more pronounced after 72 hours although the absolute number of cells 
undergoing fibrillogenesis was much lower, particularly for cells on M-type surfaces 
(Figure 7.2 A). Cells seeded on large nanopatterns, 1500M and 1500B, displayed similar 
adhesion, actin, and cell spreading properties yet the increased occurrence of fibril 
formation and more extended fibrils were observed in cells on the 1500B surfaces. After 
72 hours, 60 % of the cells seeded on the 1500B surface created fibrils with an average 
length of 3 µm (Figure 7.4), corresponding to the distance between 2 nanopatterns, 
while only 20 % of the cells seeded on the 1500M created fibrils with slightly shorter 
average length of 2 µm (Figure 7.4). Fibrils created by cells cultured on 1500B surfaces 
often spanned multiple patterns, whereas fibrils created on the 1500M surface typically 
just span between two nanopatterns if they span any at all (Figure 7.3 A,D and 
Figure 7.4 B). This finding implies that the underlying geometrical or spatial pattern of 
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FN also has an influence on fibril formation. While the 1500M surface has an 
interpattern spacing of 883 ± 51 nm, the underlying geometry does not allow for a 
straight line linking multiple patterns to be formed without an increased probability of 
changing direction to connect the fibrils to a closer pattern (Compared C versus D in 
Figure 3.1), in contrast a straight line can be easily drawn on a 1500B nanopatterned 
surface connecting multiple patterns with low probability of changing the fibril direction 
even though the interpattern spacing is larger at 1.5 µm (Figure 3.1 D and Figure 7.3 A). 
Furthermore, cells cultured on 2Au surfaces without any geometrical restrictions on 
fibril formation tend to form fibrils with a straight line appearance. This implies that FN 
anchor points with the surface need to be formed and maintained in order to create 
long extended fibrils and that actin directionality controls fibril formation.  
This same occurrence of nanopattern geometrical control of fibril formation was 
observed between cells on the nanopatterned surfaces with smaller adhesion sites. A 
much higher percentage of cells created fibrils on the 0300B surfaces, 80 %, compared 
to 37 % of the cells on the 0300M surfaces after 72 hours in culture  (Figure 7.1 A). Cells 
seeded on these surfaces created fibrils with similar average lengths, 2.15 µm on the 
0300M and 2.48 µm on the 0300B (Figure 7.4 A) corresponding to 8 and 15 spanned 
nanopatterns for the B- and M-type surfaces respectively (Figure 7.4 B). Again, as on the 
larger nanopatterned surfaces, the extent of fibril formation was similar for both 
surfaces after 1 day but after 3 days cells on the 0300M surfaces created fewer fibrils 
while the cells on the 0300B surfaces maintained a high percentage of fibrils underneath 
the cell (Figure 7.2). These results seem counterintuitive in some ways as the current 
models of fibrillogenesis includes the formation of large mature focal adhesions at one 
end of the FN to pin it to the surface while the fibrillar adhesion attaches and through 
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Figure 7.4: FN Fibril Lengths in Cells on Nanopatterned Surfaces: (A) Shows measured 
FN fibril lengths for cells on nanopatterned surfaces. Cells seeded on the 1500B surface 
create fibrils that often span 3 or 4 µm in length while cells on the 1500M, 0300M, and 
0300B create shorter fibrils. (B) The number of nanopatterns spanned beneath the 
fibrils for cells on nanopatterned surfaces was also measured. Fibrils created on the 
1500M surfaces typically do not span more than 2 nanopatterns while cells on the 
1500B surfaces create fibrils that most often span 2 to 3 nanopatterns. Cells on 0300M 
and 0300B surfaces create fibrils that span 5 or more nanopatterns due to their close 
proximity to each other.  
actomyosin generated forces pulls the FN apart. Cells on the 0300B surfaces neither 
create large mature adhesions or dense actin networks indicating that other unknown 
factors may play a role in this process.  
While cells on smaller nanopatterns do not form many stress fibers, cells 
cultured on larger nanopattern surfaces do. A closer analysis of the fibrils shows that the 
directionality of FN stretching was dictated by the corresponding actin fibers above the 
fibrils and in cases where the FN could not be extended to the next nanopattern it was 
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pulled off in the direction of the cell body along the axis of the associated actin fiber, 
indicating the direction of applied force. Figure 7.3 shows fibril formation in cells 
cultured on 1500B and 1500M surfaces and the merged pictures indicate that fibril 
direction is governed by the associated actin fiber.  
 
FN Fibril Location and FN Trails Behind Motile Cells 
Trails of FN fibrils were sometimes observed in the wake of motile cells on 
nanopatterned surfaces and were good markers for indicating the direction of motility 
and provided historical information concerning the path traveled by the cell. To gain 
some insight into this phenomenon the location of fibril formation within the cell was 
analyzed and the fibril persistence was measured. The formation of fibrils is almost 
always seen between the cell center and trailing edge of motile cells and can be 
colocalized with dash-like adhesion sites. Figure 7.5 shows a motile cell on a 1500B 
surface. The leading edge of the cell on the left of the image is full of small dot 
adhesions. These dot adhesions correspond to the un-stretched form of FN adsorbed to 
the nanopatterns (Figure 7.5 B,C). The adhesions near the cell center and trailing edge 
just to the right of the nucleus are more elongated and show a dash like morphology. 
This conversion in adhesion site shape correlates to the formation of FN fibrils 
(Figure 7.5 D,E). Close examination of Figure 7.5 E shows trails of fibrils running in 
straight lines between the nanopatterns are left in the wake of the cells path. These 
historical fibril trails can often be traced for long distances behind the cell. Figure 7.6 B 
shows a trail behind the cell that is approximately 90 µm long. Figure 7.6 A shows a 
zoom in of an area where FN was converted from its globular form on the nanopatterns 
(arrow on right) to its elongated form after being manipulated by a motile cell (arrow on 
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left, arrow in middle shows a transition area). Knowing that these cells travel at 
approximately 0.6 µm/min implies that the FN can last in fibril form for around 2 hours 
before it snaps back to the nanopattern, it should be noted that the exact speed for the 
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Figure 7.5: FN Fibril Trail Formation: (A) Cell on a 1500B surface that was fixed and 
stained for FN (blue), vinculin (green), and actin (red) after 3 days in culture. (B-C) Fibril 
formation coincides with adhesion site elongation. The stretched FN bridging multiple 
nanopatterns colocalizes with elongated dash-like vinculin containing adhesions. This 
typically occurs near the cell center and away from the leading edge. (D-E) The stretched 
FN is left as trails behind motile cells. The width of the FN fibrils is dictated by the 
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Figure 7.6: FN Trails Provide Historical Information About Cell Paths for Motile Cells: 
(B) Shows a motile cell moving from the left to right on a 1500B surface that was fixed 
and stained for FN (blue), vinculin (green), and actin (red) after 3 days in culture. The cell 
leaves a trail of relatively short thin FN fibers in its wake. In this case, the fibers are still 
present up to 90 µm behind the cell. After this the fibrils have snapped back to the 
nanopatterns and do not stay in an elongated from. (A) White box in (B) showing a 
zoomed in region of the FN, the cell rim is outlined in orange. The arrow on the right 
indicates where the cell has not interacted with the FN and it is still isolated on the 
nanopatterns. The middle arrow shows were the cell began to interact with the FN 
forming fibrils. The left arrow shows trails of FN that can span 3 to 4 nanopatterns. (A) 
Scale bar = 10 µm. (B) Scale bar = 25 µm. 
7.4 Discussion 
The results indicate that fibrillogenesis is dependent on surface chemistry, initial 
FN surface density, and possibly nanopattern geometry. The differences in fibril 
formation between cells on Au and glass surfaces can be easily explained. It is known 
that the confirmation of adsorbed FN is influenced by the surface energy or level of  
hydrophobicity. 120,121 The more compact confirmation of FN adsorbed to hydrophobic 
surfaces induces the use of αvβ3 integrins while integrin binding to FN adsorbed to 
hydrophilic surfaces is dominated by α5β1 integrins. 114,115,117,118,121 Since it is known that 
fibrillar adhesions are rich in α5β1 integrins it makes sense that more fibers are created 
by cells on glass surfaces  compared to cells on Au surfaces. 16 Furthermore, the 
increased occurrence of fibrillogenesis in cells cultured on low FN surface density Au 
surface may be explained as a consequence of FN production. Since these surfaces 
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display low levels of sparsely packed FN the cell is most likely coping with this situation 
by creating its own FN, although there is no absolute proof for this occurrence.  
The reason for the differences in fibrillogenesis between cells on B- and M-type 
surfaces is not as straight forward. Since dislocation of α5β1 integrins along actin stress 
fibers supposedly dictates the direction that FN is pulled, then alignment of 
nanopatterns would allow for FN fibrils to be pulled across multiple patterns, as is the 
case for B-type surfaces. Since the M-type surfaces display nanopatterns that have an 
offset geometry, meaning that the nanopatterns can not be aligned or connected by a 
single straight line without increased probability of running into another pattern with a 
slight offset direction, may explain why fibrils are not often created by cells on these 
surfaces. This reasoning applies to differences observed in cells on 1500B surfaces 
compared to those of 1500M surfaces. Both of these surfaces allow for the formation of 
adhesion sites that can link to actin stress fibers. While the density of stress fibers is not 
significantly different between cells on these two surfaces the occurrence of 
fibrillogenesis is.  This geometrical influence indicates that pinning sights or the ability of 
the cell to apply local forces at regular intervals may also be important in fibrillogenesis.  
The occurrence of fibrillogenesis by cells on 0300B surfaces is somewhat 
surprising. Since the current model of fibrillogenesis includes the creation of a large 
mature focal adhesion to act as the anchor point holding FN to the surface and since 
cells on small nanopatterns do not form these adhesions, one would not expect fibril 
formation on nanopatterned surfaces with small patterns. This implies that other factors 
including differences in adhesion site composition and phosphorylation levels may play 
an important role in fibrillogenesis. Applying this reasoning to the cells cultured on 
0300M versus 0300B surfaces, one would expect to see similar levels of fibril formation 
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since the nanopatterns are similar in size, yet a higher occurrence of fibril formation is 
observed in cells seeded on the 0300B surfaces. This reaffirms that the underlying 
geometry may play a role in fibril formation as seen on the larger 1500 surfaces. One 
can not leave out the possibility that the cells are creating their own FN and assembling 
it; but this does not fully explain the observed differences and it has been demonstrated 
that fibril formation is not dependent on de novo protein synthesis. 48,216 
7.5 Conclusions 
The studies have shown that both surface chemistry and initial FN surface 
concentration at the time of cell seeding both have an influence on fibrillogenesis. The 
fibers created on Au surfaces are thinner and show more branching points compared to 
FN networks created by cells on glass controls. The underlying nanopattern geometry 
seems to have some influence in fibrillogenesis for cells cultured on nanopatterned 
surfaces. A regular spacing between patterns and the ability to form straight line fibrils 
seem to be important factors. Surprisingly, it was also shown that cells on 0300B 
surfaces were also able to create fibrils even though the lack many actin stress fibers. 
This hints that a complete understanding of the exact processes in fibrillogenesis has not 
fully been created and there is debate as to how it occurs. 13,43,211,212 Nonetheless, 
motile cells seeded on these surfaces tend to leave a wake of fibrils behind them 
providing historical information about the path they traveled and how long FN can stay 
stretched after applied cellular force is removed.  
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Chapter 8 
Cell Spreading Studies 
8.1 Introduction  
Within the first few minutes of cell attachment to surfaces, integrin mediated 
small focal complexes are formed to the underlying ECM. 16 Shortly after their formation 
these complexes are linked to actin stress fibers via cytoskeletal adaptor proteins and 
mature into large focal adhesions through actomyosin mediated force application to the 
adhesive plaques. 16 The formation of large focal adhesions connected to actin stress 
fibers provides the necessary machinery for a cell to spread across a surface. Cell 
spreading is achieved by two separate actin mediated force production zones. Small 
focal complexes at the extreme periphery push on the cell membrane via interactions 
with F-actin. As the cell moves forward some of the small focal complexes mature into 
stress fiber linked focal adhesions that allow for the generation of contractile forces. The 
combination of these forces allows a cell to push out on the cell membrane thereby 
slightly increasing its area, create small adhesions that are then coupled to stress fibers, 
generate force to the adhesions through actomyosin contraction that result in the 
production of traction forces that then allows the cell to spread across the surface. Cell 
spreading upon contact with ECM coated surfaces is a universal phenomenon for all 
adherent-dependent cells. For this reason, cell spreading is often used as a measure of 
cellular response to differences in surface properties. This study analyzed the extent of 
cell spreading for cells cultured on nanopatterned surfaces and control surfaces with 
varying FN surface densities. The results provide insight into the mechanotransductive 
abilities of cells on nanopatterned surfaces and how imposing limitations on adhesion 
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site size and the coupling of adhesions to the cytoskeleton can influence cell spreading. 
The analysis indicates that both the number of large adhesions formed and the ability to 
create dense actin stress fiber networks are important for providing the necessary 
machinery for a cell to spread across a surface and that cell spreading can be impaired if 
large adhesion formation is impeded. Furthermore, the results imply that once a cell has 
spread, large adhesions are not needed to maintain the spread area.  
8.2 Materials and Methods 
8.2.1 Cell and Reagents 
See Section 4.2.5, only non-pooled HUVECs were used for these experiments. 
8.2.2 Nanopattern Fabrication and Functionalization 
See Sections 3.2.1 and 4.2.2 for the fabrication and functionalization methods 
respectively. 
8.2.3 Cell Spreading Studies 
HUVECs were sparsely seeded at approximately 20 cells/mm2. Fifteen 40 - 63X 
magnification fluorescent images of fixed cells were collected every 24 hours for 3 days. 
See Section 4.2.6 for the imaging system and cell preparation details. The cell spreading 
areas for a minimum of 15 cells per surface were measured by hand using the outline 
feature in ImageJ (NIH, Bethesda, MD). To separate surface effects from other stimuli, 
only cells that had one nucleus and were not in intimate contact with neighboring cells 
were analyzed for the cell spreading area study.  
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8.2.4 Statistical Analysis 
See Section 5.2.5 for normality tests. The data sets passed the normality tests 
and were therefore analyzed with ANOVA and post hoc Tukey tests.  
8.3 Results 
The results indicate that FN surface density and underlying surface chemistry 
have little influence on cell spreading while limiting adhesion site growth with 
nanopatterned surfaces can somewhat reduce the ability for a cell to spread across a 
surface. Extremely small nanopatterns and larger patterns with large interadhesion site 
spacing both somewhat impair cell spreading compared to cells on high FN surface 
density control surfaces. The impairment can be lifted by providing nanopatterned 
surfaces with larger sizes and closer spacing as demonstrated in cells on the 1500M 
surfaces. 
 The projected cell spreading area was measured at 24 hour intervals for 3 days 
for cells cultured on Au control surfaces displaying varying surface concentrations of FN 
(2Au, 10Au, and 25Au surfaces), for a glass control (10G), and for four nanopatterned 
surfaces (0300B, 0300M, 1500B, and 1500M), see Table 4 for surface properties. Cell 
spreading was not to a large extent influenced by either FN surface density or 
underlying surface chemistry as cells on all four control surfaces displayed similar levels 
of spreading. Cells cultured on the smallest nanopatterns with an average size of 92 nm 
and an interpattern spacing of 300 nm spread significantly less than cells on high FN 
surface density controls, 10Au and 25Au surfaces, and less than cells on nanopatterned 
surfaces with the largest nanopatterns, 1500M surfaces, that display FN nanoislands 
with an average size of 405 nm and a corresponding spacing of 885 nm (Figure 8.1). Cells  
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Figure 8.1: Cell Spreading Area: The cell spreading area was measured for cells on four 
nanopatterned surfaces (green), three gold controls (yellow), and one glass control 
(black) after 24 and 72 hours in culture. * Indicates significantly more spreading than 
0300B, 0300M, 1500B surfaces (p < 0.012). # Indicates significantly more spreading than 
0300B surfaces (p = 0.014). 
cultured on nanopatterned surfaces with similar nanoisland sizes to the 0300B surfaces 
but with a closer nanopattern spacing of 177 nm or cells on nanopatterned surfaces 
with larger FN nanoislands 222 nm in size separated by 1.5 µm showed intermediate 
levels of spreading that were between the values measured for cells on 0300B and 
1500M surfaces but were not statistically significantly different from the cells on these 
surfaces (Figure 8.1). Furthermore, cells cultured on nanopatterned surfaces with the 
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largest FN nanoislands 405 nm in size with an interadhesion site spacing of 885 nm 
spread as well as cells on high FN surface density control surfaces (Figure 8.1). 
These observed differences in cell spreading can be correlated with measured 
differences in both actin stress fiber formation and in the formation of large adhesion 
sites. Figure 6.1 shows that stress fiber formation in cells cultured on nanopatterned 
surfaces follows a similar trend to cell spreading as previously reported  by others. 217 As 
discussed in Chapter 6, cells cultured on 0300B surfaces show an impaired ability to 
create dense actin stress fiber cytoskeletal networks. This implies that limiting adhesion 
maturation to very small adhesions impairs adhesive linkage to actin stress fibers. This 
small adhesion size impairment of stress fiber linkage can be overcome if the 
nanopatterns are spaced close together or if the adhesion site size is increased. These 
findings imply that the formation of well-defined actin stress fiber cytoskeletal networks 
may be helpful but not necessary for cell spreading.  
Further insight into why cells on small nanopatterns spread less was obtained by 
analyzing the relations between cell spreading, average adhesion site size, and the 
number of large focal adhesions formed. Examination of these trends shows that cells 
with larger average adhesion sites display an increased propensity to spread more  
(Figure 8.2 A). Cells cultured on the smallest nanopatterned surfaces displaying FN 
nanoislands less than 10,000 nm2 in size displayed reduced spreading compared to cells 
cultured on both larger patterns and controls that both have larger average adhesion 
site sizes (Figure 8.2 A). This same trend holds after 72 hours but is less pronounced 
(Figure 8.2 B). Due to the resolution limitations of light microscopy the exact values of 
adhesion site size in cells on the small nanopatterned surfaces can not be determined 
but since the average adhesion site size is reflective of the number of small and large 
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adhesions formed and since only larger focal adhesions connect to actin stress fibers 
and allow the production of traction forces needed for cells to spread, cell spreading 
was plotted as a function of large adhesion formation.  
This relationship proved more useful in explaining why cells on small 
nanopatterns display decreased spreading. After 24 hours cells on the 0300B surfaces 
create an average of 20 large focal adhesions, while cells on larger nanopatterned 
surfaces create around 50 large adhesions and cells on control surfaces with the most-
dense packing of FN, 25Au surfaces, create about 100 large adhesions per cell 
(Figure 8.2 C). Observation of the trend shows that the formation of large adhesions is 
almost directly proportional to cell spreading (Figure 8.2 C). This trend also holds true 
after 3 days in culture. Comparing the trend after 1 day to that after 3 days shows why 
cells on all of the controls and 1500M nanopatterned surfaces show a decrease in the 
extent of spreading (Figure 8.1), they all show a decrease in the total number of large 
adhesions formed (Figure 8.2 D). Furthermore, cells on 0300B surfaces only make 
approximately 5 large adhesions per cell and show the least amount of spreading 
compared to cells on glass surfaces that maintain an average of 53 adhesions per cell 
with the highest levels of spreading (Figure 8.2 D). The results imply that reductions in 
cell spreading as induced by culturing cells on very small nanopatterns is a consequence 
of the underlying surface chemistry and relates impaired abilities in spreading to 
decreased large adhesion formation that is directly linked to decreased actin stress fiber 
cytoskeletal formation.  However, it is surprising that cells on nanopatterned surfaces 
maintain their spread area after 3 days in culture when almost no large adhesions are 
present in cells on these surfaces. This implies that the formation of large adhesions is 
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necessary to achieve large spread areas but that the small adhesions independent of 
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Figure 8.2: Cell Spreading Related to Average Adhesion Site Size and the Number of 
Large Adhesions Formed: The cell spreading area was measured for cells on 0300B 
(small green dot), 0300M (small green triangle), 1500B (large green dot), 1500M (large 
green triangle), 2Au (smallest yellow square), 10Au (medium sized yellow square), 25Au 
(large yellow square), and 10G (black square) surfaces after 24 and 72 hours in culture. 
(A) A trend of increased cell spreading with larger average adhesion site size was 
discovered after 24 hours that does not hold as well after 72 hours (B). A better 
correlation was seen between cell spreading and the number of large adhesions formed 
that held true after both 24 hours (C) and 72 hours (D). 
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8.4 Discussion 
The results show that cell spreading is directly related to the formation of large 
focal adhesions and to the formation of actin stress fiber linked smaller adhesions. The 
larger adhesion sites have the ability to create traction forces through their association 
with actin stress fibers. The creation of traction force is necessary for a cell to be able to 
grab the surface, create force, and then use this force to spread itself. While cells on 
small nanopatterned surfaces create an increased number of small adhesions they show 
impaired ability to create many large adhesions compared to cells on higher FN density 
control surfaces. The creation of increased numbers of small adhesions by cells on 
nanopatterned surfaces allows for cells on these surfaces to push against the cell 
membrane via focal complex interactions with F-actin but since the adhesions never 
fully mature they lack the ability to create the large traction forces needed for cell 
spreading. As the adhesion site size created by cells on larger nanopatterned, 1500M 
surfaces, grows in size and allows for connection to actin stress fibers, then the cells 
behave similar to those on control surfaces. The importance of being able to bundle 
small F-actin fibers has shown to be important for progression of adhesive states 
through the maturation process. 174 Furthermore, restrictions on adhesion site size 
regulation of actin stress fiber formation in cells on 0300B surfaces can be overcome if 
the interadhesion site spacing is reduced to allow for the actin from individual small 
adhesions to be linked into larger stress fibers such as what occurs in cells cultured on 
0300M surfaces.  
Three separate regimes of spreading were discovered. The first regime consists 
of cells on smaller further spaced nanopatterns that do not form large adhesions. The 
second regime consists of cells on both small nanopatterns with tight packing or on 
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larger nanopatterns spaced fairly far apart. Cells cultured on small nanopatterns with 
tight spacing still show suppressed ability to form large adhesions but can form 
adhesions in close enough proximity to each other for their actin to be bundled into 
stress fibers and thereby lead to increased spreading. Cells on larger patterns with the 
largest spacing between adhesions can form stress fibers that link directly to the 
adhesion sites, yet never form large classical focal adhesions as seen in cells on control 
surfaces. The fourth regime is composed of cells on 1500M surfaces. These surfaces 
display larger FN nanoislands with tighter packing and while cells cultured on these 
surfaces show suppressed ability to form larger adhesions that are seen in cells on high 
FN surface density controls, they do show the ability to form actin stress fiber networks 
with a similar number and density of fibers as cells on controls thereby allowing them to 
spread as well as cells cultured on high FN surface density control surfaces. The 
relationships between large adhesion formation, stress fiber creation and linkage, and 
cell spreading all interplay with each other. 217 However, it is still surprising that cells on 
0300B surfaces can spread at all. This implies that the formation of classical focal 
adhesions and extremely large actin stress fibers as seen in cells on control surfaces may 
not be that important for cell spreading. Cells still display the ability to spread on a 
surface even when the adhesion sites are very small and the actin cytoskeleton is not 
extremely dense. 
8.5 Conclusion 
These studies have provided insight into the roles of focal adhesion and stress 
fiber formation in cell spreading. The creation of increased numbers of small adhesions 
provides the ability for cells to attach to surfaces but the lack of large adhesion sites or 
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actin stress fibers results in decreased cell spreading. For a cell to properly spread it 
must be able to use small focal complexes to push against the cell membrane and to 
create large actin stress fiber classical focal adhesions to create traction force for 
spreading. Inhibition of either stress fiber formation or large adhesion site formation 
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Chapter 9 
Cell Motility Studies 
9.1 Introduction  
Cell motility is a complex process involving the synergistic interplay between a 
number of cellular components including microtubules, F-actin, actin stress fibers, 
myosin motors, focal complexes, and focal adhesions to name a few. 45,67,168,173,174,218-224 
The complex and not fully understood interplay between these components dictates the 
ability for a cell to move and how fast. The motility process involves the formation of 
small focal complexes at the cell periphery of advancing lamellapodia. These small 
adhesions interact with F-actin to act as docking point so that the actin can push against 
the cell membrane and extend the cell in the direction of movement. 45,219,220 Some of 
these small complexes link to actin stress fibers via various adaptor proteins and mature 
into focal adhesions. 16,174 As force is applied to the focal adhesion through actomyosin 
contraction, a traction force is created at the adhesion-surface interface. 31,40,125,225,226 As 
the cell continues moving forward these large cytoskeletal associated focal adhesions 
stay stationary and eventually end up at the rear of the cell where they are 
disassembled by a not fully understood mechanism, although FAK in known to be 
important in this process. 32,227,228 This event results in cell polarity with respect to 
adhesion maturation. Newer focal complexes are continuously being formed at the 
leading edge while older focal adhesions move to the rear of the cell. 228 
While still not fully understood, a number of models concerning cell motility 
exist and two of them will be discussed here. One stochastic model implies that younger 
focal adhesions on the leading edge side of the cell provide traction force for the cell to 
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move forward while the older focal adhesions at the rear provide a drag force hindering 
motility. 229 If these forces are balanced, then the cell moves randomly around a central 
location and exhibits motility similar to Brownian motion known as a random walk. If an 
imbalance in adhesive forces is created, then the cell can proceed to crawl in a given 
direction. A second model of motility implies that that the elasticity of F-actin at the 
leading edge is used to ratchet the cell membrane forward thereby inducing a gliding 
style of motion. 230,231 The stochastic model applies to a moving body while the second 
to lamellapodia formation, ruffling, and leading edge advancement. Both models make 
valid insights into cell motility and the combination the two would more accurately 
model the actual processes that occur during motility.  
Cells respond to a number of factors that can change their state of motility. The 
binding of soluble factors such as VEGF can induce significant increases in cell 
motility. 232,233 Surface characteristics such as protein concentration and surface 
elasticity induce biphasic responses in cells with respect to their speed. 124-126,234,235 Cells 
adhering to surfaces presenting very low or very high levels of protein are stationary, 
while cells on surfaces presenting intermediate levels of protein display higher motility 
than cells in the other two cases. 234 The same holds true for elasticity. If surfaces are 
too elastic or rigid then cells are relatively stationary whereas if the surfaces have 
intermediate levels of elasticity then cells are more motile and have higher speeds. 125 
The finding of biphasic responses in cells on both elastic and protein adsorbed surfaces 
implies that the generation of too much or too little force impairs motility while the 
generation of intermediate levels of force promotes increased motility. Both cases can 
also be linked to adhesion site formation. Cells on rigid surfaces and on surfaces with 
high densities of ECM allow for the production of large focal adhesions, while cells on 
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soft surfaces or surfaces with very low ECM concentrations induce the formation of 
extremely small adhesions. 40,126,223 Large adhesions, if evenly distributed along the 
peripheral rim of the cell, induce a more stationary state of motility where the cell is 
pulled back and forth by opposing actomyosin forces all directed toward the cell center. 
If cells can only form a few large adhesions or none at all then an imbalance in forces 
can be created and higher cell motility induced. 
While these models can accurately predict cell motility based on surface 
properties they do not include biochemical differences between different types of 
adhesions. It has been shown that FAK-null cells form extremely large adhesions and do 
not move, 227 that FAK is over-expressed in some cancers, 236 and that FAK is important 
in regulating cytoskeletal linkage to adhesion sites. 80,237 This implies that FAK is an 
important regulator of cell motility. If it is not present, then cells can not disassemble 
their adhesions from the surface, if it is over-expressed then the adhesion disassembly 
rate is very high leading to extremely motile cells such as cancerous cells, and finally, if it 
is expressed but phosphorylated to a different degree or on different residues, then it 
can affect cytoskeletal linkage. This implies that manipulating adhesion maturation and 
not allowing cells to form large stress fiber linked adhesions may influence cell motility. 
While it is known that actin is important for the cell motility process there is some 
confusion on which subsets of actin organization are important. The current school of 
thought is that both F-actin and actin stress fibers are needed for motility. This may not 
be entirely true. While F-actin is definitely needed for membrane protrusion, the 
formation of large stress fibers may actually impede or slow down migration in some 
cases . Evidence for this is supported by findings in cancer cells. Cancer cells over-
expressing FAK are highly motile. 236 These overly motile cells can be slowed down by 
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enhancing cytoskeletal linkage of adhesion sites through activation of tensin genes, an 
adaptor protein that increases cytoskeletal linkage to adhesions sites. 238 This implies 
that cytoskeletal linkage can actually induce lower motility in inherently fast cells.  
Towards this idea, the motility of cells seeded on nanopatterned surfaces was 
investigated. The results imply that limiting adhesion site growth to very small 
adhesions may induce chemically different smaller adhesion sites than large mature 
adhesions created by cells on high density ECM surfaces. In fact, the most motile cells 
are those that show very little linkage to the cytoskeleton, implying that the formation 
of classical focal adhesions that link to stress fibers may not play as large of a role in 
motility as previously thought.    
9.2 Materials and Methods 
9.2.1 Cell and Reagents 
See Section 4.2.5, only non-pooled HUVECs were used for these experiments. 
9.2.2 Nanopattern Fabrication and Functionalization 
See Sections 3.2.1 and 4.2.2 for the fabrication and functionalization methods 
respectively. 
9.2.3 Cell Motility Studies 
HUVECs were sparsely seeded at approximately 7 – 10 cells/mm2 to lower the 
probability of cell-cell contact yet still have enough cells for statistically sound studies. 
After 24 hours in culture the cells were taken to a Leica DM IRB (Leica Microsystems, 
Wetzlar Germany) inverted microscope equipped with a home-built incubator. The 
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incubator maintained the atmosphere at 37 °C and 5 % CO2 during filming. Time-lapse 
phase-contrast microscopy was used to capture 15X magnification images of cells at 
60 second intervals for 2 hours using a Cooke Sensicam CCD camera (The Cooke 
Corporation, Romulus, Michigan) operated by Camware software (PCO Imaging, 
Kelheim, Germany). The time-lapse movies were recorded for 2 hours every 24 hours for 
3 days. The cell paths were manually tracked using a particle tracking plug-in in ImageJ 
(NIH, Bethesda, Maryland) created by Fabrice Cordelieres (Institut Curie, Orsay, France). 
The measured cell positions, in x, y coordinates, were processed to measure cell speed 
with an algorithm designed and written by Ted Gaubert. The algorithm corrected for any 
sample drift during filming and sub-pixel errors during tracking. A minimum of 8 cells 
per surface were analyzed at each time point. 
9.2.4 Statistical Analysis 
See Section 5.2.5 for normality tests. The data sets passed the normality tests 
and were therefore analyzed with ANOVA and post hoc Tukey tests.  
9.3 Results 
The results of the analysis indicate that limiting adhesion site growth to small 
submicron adhesions induces increased motility compared to cells on control surfaces. 
Furthermore, the extent of motility can be significantly reduced by slightly increasing 
the adhesion site size using larger, but still submicron, nanopatterns. Nanopattern 
spacing and density seem to have little to no influence on this process.   
Figure 9.1 shows cell migration paths over a one hour time period as tracked 
from the time-lapse movies. For the most part, cells on all of the control surfaces display 
random movement often hovering around a central location, although occasionally 
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some cells do show more straight-line motion. FN surface density did not have a 
significant influence on motility in the studies performed here, although it is known that 
cells display a biphasic response to ECM surface concentration, exhibiting higher motility 
at intermediate levels of ECM surface concentration. 234 This biphasic behavior was most 
likely not induced here due to the FN surface concentrations tested. The 2Au, 10Au, and 
25Au surfaces display surface concentrations of 537, 1,882, and 2,474 FN/µm2 
respectively. Examination of the FN surface density calibration curve in Figure 4.2 A 
shows that the intermediate levels of FN surface concentration were not achieved with 
the surfaces chosen for these experiments and that exposing surfaces to 5 µg/mL of FN 
would result in a FN surface concentration of 1,300 FN/µm2 and most likely induce 
higher states of motility as previously reported. 234 Regardless, the goal of the study 
presented here was not to investigate FN surface concentration but to explore how 
varying adhesion site size can influence cell motility on surfaces presenting FN densities 
as low as 41 FN/µm2. 
A closer analysis of the cell paths in Figure 9.1 shows that underlying surface chemistry 
can also influence cell motility. Visual inspection of the tracks in Figure 9.1 shows that 
cells on homogenously coated glass surfaces tend to move further distances during the 
same one hour time period than cells on gold control surfaces. This is reflected in the 
measured cell speed in Figure 9.3. Cells on glass surfaces are significantly faster than 
cells seeded on Au controls with a speed of approximately 0.64 µm/min, similar to 
previously published results, 235 while cells on Au surfaces move slower at 
~ 0.36 µm/min. This difference in motility is somewhat surprising. Cells are known to 
attach to FN on glass surfaces primarily using α5β1 integrins while cells on Au surfaces 
typically use αvβ3 integrins. 115,117,118,121 These differences in integrin usage may be 
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Figure 9.1: Cell Migration Paths of Cells on Au and Glass Control Surfaces: Cell paths 
over a 1 hour time scale as measured from time-lapse phase-contrast images for cells on 
(A-C) 2Au, (D-F) 10Au, (G-I) 25Au, and (J-L) 10G surfaces after (left column) 24 hours, 
(middle column) 48 hours, and (right column) 72 hours in culture. Cells on glass travel 
slightly faster than cells on all Au control surfaces. The x-axis extends 75 µm from the 
origin in each direction.  
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Figure 9.2: Cell Migration Paths of Cells on Nanopatterned Surfaces: Cell paths over a 
1 hour time period as measured from time-lapse phase-contrast images for cells on (A-
C) 0300B, (D-F) 0500M, (G-I) 1500B, and (J-L) 1500M surfaces after (left column) 
24 hours, (middle column) 48 hours, and (right column) 72 hours in culture. Cells on 
small nanopatterns, 0300B and 0500M surfaces, travel faster and with higher 
persistence than cells on larger, 1500M and 1500B, nanopatterns. The x-axis extends 
75 µm from the origin in each direction. 
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reflected in the differences in the motility of the cells although no literature currently 
exists that relates differences in integrin usage to differences in cell motility. 
Figure 9.2 shows cell motility tracks for cells cultured on nanopatterned surfaces. 
Visual inspection of the tracks shows two findings. First, that cells on nanopatterned 
surfaces move further over a one hour time period compared to the cells on Au control 
surfaces shown in Figure 9.1 and that cells on smaller nanopatterned surfaces move 
further than cells on larger nanopatterned surfaces in the same time frame. Cells 
cultured on 0300B and 0500M surfaces, top two rows in Figure 9.2, have much longer 
tracks than cells on larger 1500B and 1500M surfaces. These differences in path length 
are reflected in the cell speed, Figure 9.3. Cells on 0300B and 0500M surfaces, both 
displaying adhesion sites less than 160 nm in size have an average speed of 1.05 µm/min 
and maintain this speed for at least 2 days in culture, the cells on 0500M surfaces show 
a reduction to 0.63 µm/min at 3 days while cells on 0300B surfaces maintain high 
speeds. These values are significantly higher (Figure 9.3) than cells on all controls and 
than cells on surfaces with larger nanopatterns indicating that adhesion site size is 
influential in cell motility. 
The increased motility of cells on nanopatterned surfaces can be significantly 
reduced by slightly increasing the pattern size (Figure 9.3). Cells on 1500B and 1500M 
surfaces show shorter path lengths (Figure 9.2) over the same one hour time period and 
significantly reduced cell motility, with a value of 0.6 µm/min, (Figure 9.3) compared to 
cells on smaller nanopatterned surfaces. This indicates that adhesion site size is a major 
factor in controlling cell speed and is independent of FN surface density or 
interadhesion site spacing influences. Since both the 0300B and 1500B nanopatterned 
surfaces have the same FN surface density of 41 FN/µm2 and the 0500M and 1500M at 
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217 FN/µm2 and since cells on both the 0300B and 0500M surfaces display increased 
motility compared to their larger counterparts, then overall surface density must not 
play an important role in the observed increased motility. The finding that cells on 
smaller nanopatterned surfaces have increased values of motility hints that smaller 
adhesions somehow lead to faster cells. There are two basic ways that this could 
happen. 
First, by limiting adhesion site maturation it could be possible that the molecular 
composition of the small adhesions is different than the adhesions formed by cells on 
larger nanopatterns and Au control surfaces. It is known that small focal complexes have 
fewer and different molecular components than larger focal adhesions. Since FAK is 
known to play a major role in cell motility, as it is needed for adhesion site disassembly 
and in cytoskeletal linkage of adhesions to stress fibers, it may be implicated in the 
observed adhesion size changes in motility. Since cells on smaller nanopatterned 
surfaces also exhibit differences in cytoskeletal densities compared to cells on larger 
nanopatterns and control surfaces, this may also indicate that FAK is somehow playing a 
role in the observed increased motility. So what role would FAK play in inducing 
increased motility? Since FAK is known to be important for the turnover of adhesions, 
cells on small nanopatterns may have a higher turn over rate of adhesion sites that most 
often do not reach higher maturation levels. This decreased propensity to form large 
mature adhesions may reduce the amount of drag force that these cells experience. The 
benefits of not forming large actin linked focal adhesions are that they would not have 
to be disassembled and if not formed, do not result in drag force.  
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Figure 9.3: Measured Cell Velocities on Nanopatterned and Control Surfaces: Cells 
were imaged for 2 hours with time-lapse photography every 24 hours for 3 days. A 
minimum of 8 cells per surface were tracked and their velocities measured. ** Indicates 
significantly faster cells than cells on 1500B, 1500M, all Au controls, and 10G surfaces (p 
< 0.05). *Indicates significantly faster cells than cells on all Au controls (p < 0.05). 
Toward this idea the distributions of both large and small adhesions sites in the 
leading and trailing edges were measured for very fast cells on 0300B surfaces, 
somewhat slower cells on 1500M surfaces, and slow cells on 10Au surfaces. The data 
indicates that cells on 0300B surfaces have an asymmetry in the distribution of large 
adhesions, while cells on 1500M and 10Au surfaces do not. Figure 9.4 shows the 
distributions of the number of small and large adhesions as a function of their 
normalized distance between the cell center and cell periphery. A value of 0 indicates 
that the adhesions are near the cell centroid, most often indicating the nucleus; a value 
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of 1 indicates that the adhesions are at the periphery of the leading edge, and a value of 
-1 indicates that the adhesions are at the cell periphery of the trailing edge. Analysis of 
the data shows that the small adhesions formed by cells on all surfaces follow similar 
trends of increased numbers of adhesions as you move from the cell center to the cell 
periphery but that the absolute number of adhesions formed is different. Cells on the 
0300B surfaces have the highest number of small adhesions followed by cells on 1500M 
surfaces and then cells on 10Au surfaces with the lowest number of small adhesions. 
Analysis of the large adhesion distributions gives some possible explanations of why 
cells on smaller nanopatterned surfaces are faster. Cells on 10Au surfaces form large 
focal adhesions as demonstrated in Chapter 5. Figure 9.4 shows that these cells display a 
symmetry in the distribution of these large adhesions with respect to their location 
toward the leading and trailing edge. Assuming that these large adhesions are actin 
linked focal adhesions and not fibrillar adhesions, a safe assumption, since cells on these 
surfaces form almost no fibrillar adhesions as demonstrated in Chapter 8, then the 
distribution implies that there is a balance in forces. This balance lies in how the large 
actin linked focal adhesions apply traction force to the surfaces. The focal adhesions will 
all apply forces with vectors pointing toward the cell center. This balanced force 
distribution results in a relatively stationary cell that migrates around a central point. In 
contrast cells on 0300B surfaces do not form large mature focal adhesions but do 
display the ability to form fibrillar adhesions as discussed in Chapters 5 and 8 
respectively. This finding entails two influences on motility. Since no large classical 
adhesions that tie into actin fibers are formed then there is relatively little drag force 
imposed on these cells and they do not have to disassemble any large adhesions at the 
trailing edge. While this holds true for large focal adhesions there is no current 
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Figure 9.4: Measured Adhesion Site Distributions for Cells on 0300B, 1500M, and 10Au 
surfaces: The number of small (< 1 µm2) and large (> 1 µm2) adhesion sites were 
measured, their location normalized with respect to their ratiometric distance from the 
cell center to the cell periphery, and plotted as a function of their normalized location in 
either the leading (positive x-axis) or trailing edge (negative x-axis) for cells on 0300B 
(green dots), 1500M (green triangles), and 10Au (yellow boxes) surfaces after 24 hours 
in culture.  
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understanding of the forces that fibrillar adhesions exert on surfaces. Whether fibrillar 
adhesions apply forces that promote or hinder motility is currently unknown. As 
demonstrated in Chapter 8, it seems that the stretched fibrils must be pinned to the 
surface or other FN molecules at regular intervals. This pinning process would also 
involve the disassembly of adhesion sites for the cell to release the FN. Whether this 
would result in more or less drag compared to focal adhesion is not known. To 
recapitulate, since there are no large focal adhesions to disassemble then there is 
relatively little drag force imposed on these cells allowing them to move more quickly. 
A similar idea can be applied to the observed differences in speed between cells 
on the 1500M and 10Au surfaces. In this case rather than it being a function of fibrillar 
versus focal adhesion formation or differences in large adhesion symmetry, it is a 
function of differences in drag force due to differences in the contact area of large 
adhesions between cells on the two surfaces. Since cells on 10Au surfaces form a higher 
number of larger adhesions at their trailing edge they have more drag force to 
overcome than cells on 1500M surfaces that form a lower number of large adhesion 
sites. Since the stress applied at adhesion sites is constant then the total force that cells 
have to overcome to move is less for cells on 1500M surfaces since they have less total 
contact area.  
9.4 Discussion 
The motility studies have shown that limiting the growth of adhesions to small 
nanometer sized focal complexes in cells can lead to significant increases in cell motility. 
The observed increase in speed in these cells is dependent on adhesion site size and not 
nanopattern density or spacing and cells can be induced to slow down by slightly 
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increasing their adhesion site size. This modulation of cell motility based on adhesion 
site size is a new discovery and has not been reported in literature, although reports 
concerning biphasic motility of cells on surfaces with varying elasticity hint to this 
idea. 40,125 The observed increase in cell motility may be the interplay of a number of 
factors. One factor is that fast cells on small nanopatterns do not form large actin stress 
fiber linked focal adhesions and therefore do not experience drag force from these 
adhesions as they move. Instead, they form many small focal complexes and what 
appear to be fibrillar adhesions at their trailing edge, although no absolute proof for this 
exists at this time. The directionality of forces created by fibrillar adhesions is currently 
unknown. It may be that the forces created by these adhesions do not influence 
motility. If the FN does not reach a fully stretched confirmation before being connected 
to other FN fibrils then the force exerted to the fibrillar adhesions would not result in 
either forward traction or drag force. While this may explain some of the observed 
differences in this study it is purely hypothetical and no evidence currently exists to 
support these ideas. 
Another explanation of why cells are faster on nanopatterned surfaces may stem 
from differences in the molecular composition of the small adhesions formed on small 
nanopatterned surfaces compared to those formed on larger nanopatterns and 
controls. As discussed in Chapter 6, the actin fiber network properties for cells on these 
surfaces are different. Cells on the 0300B surfaces do not show the ability to form large 
actin stress fiber linked adhesions like cells on control surfaces, while cells on larger 
nanopatterns form a smaller version of large classical adhesions, showing submicron 
sized adhesions that can still link to smaller stress fibers as demonstrated in Chapter 6. 
Relating these changes in cytoskeletal properties to observed differences in motility 
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implies that small adhesions on the 0300B surfaces do not contain all of the necessary 
machinery to link to large actin stress fibers and hint to either a less complex molecular 
composition or to differences in FAK expression or phosphorylation. 227,236,239 
Furthermore, the current understanding of cell motility usually includes the formation 
of large stress fiber linked adhesions that apply traction force to the surface so that the 
cell can move. This may not be entirely true. The work presented here shows that cells 
with very low density actin stress fibers move faster than cells with well defined stress 
fiber networks. Support for this finding comes from studies with cancer cells that were 
able to demonstrate that normal levels of motility could be re-established by inducing 
the up-regulation of tensin production. 238 Tensin is an adaptor protein that acts to link 
adhesion sites to cytoskeletal components in the later stages of adhesion maturation. 16 
This finding implies that cytoskeletal linkage can indeed inhibit cell motility.  
9.5 Conclusions 
To summarize, cells on nanopatterned surfaces display more motile states as 
indicated by higher measured speeds than cells on Au or glass control surfaces. This 
increased motility can be influenced by changing the nanopattern size, but nanopattern 
density and spacing show no influence on cell motility for the pattern type used here. 
The increased motility of cells on very small nanopatterns could be due to differences in 
molecular composition, cytoskeletal linkage, or to differences in large-adhesion 
asymmetry that result in lower levels of drag force. Regardless of the exact causes, it is 
extremely interesting that motility can be modulated by simply tuning the adhesion site 
size. This finding may be applicable in creating surfaces with desired cellular responses 
and useful for creating surfaces that induce increased EC infiltration. This ability to make 
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cells more quickly crawl on a surface may be helpful for linings of stents or vascular 
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Chapter 10 
Cell Proliferation Studies 
10.1 Introduction  
Cellular proliferation is a highly regulated process and changes in proliferation 
rates can be induced by soluble factor finding such as VEGF, 233,240,241 changes in ECM 
composition such as those that occur at wound sites, 4,242 and through the formation of 
cell-cell contacts. 87,88 ECs display a dose-dependent response in proliferation as a 
function of FN surface density showing increased levels of proliferation with increased 
FN surface concentrations. 102 ECs have also shown impaired ability to adhere to 
surfaces presenting low levels of FN. 102 While it is known that ECM compositional 
changes can influence adhesion mediated proliferative signaling responses , the exact 
underlying mechanisms have yet to be determined. FAK has been proven to be an 
important regulator of adhesion mediated proliferation and can both activate and 
suppress growth. 50 Further evidence of FAKs role in governing cellular proliferation 
comes from the finding that it is often over-expressed in cancer cells. 79,236 To gain a 
better understanding of which surface parameters influence initial cell attachment and 
long term proliferation, cells were cultured on homogenously FN coated control 
surfaces with varying FN surface densities and compared to cells cultured on 
nanopatterns with varying surface density, size, and spacing. This chapter discusses the 
results of the proliferation experiments and demonstrates that local ligand density and 
adhesion site spacing have more influence over cell attachment and proliferation than 
overall surface density as previously thought.  
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10.2 Materials and Methods 
10.2.1 Cells and Reagents 
See Section 4.2.5, only non-pooled HUVECs were used for these experiments. 
10.2.2 Nanopattern Fabrication and Functionalization 
See Sections 3.2.1 and 4.2.2 for the fabrication and functionalization methods 
respectively. 
10.2.3 Cell Proliferation Studies 
HUVECs were sparsely seeded at approximately 20 cells/mm2. Twenty 15X 
magnification phase-contrast images were collected 4 hours after initial seeding and at 
24 hour time intervals for 3 days for each sample, three independent samples were used 
for each surface. Cell densities (number of cells per surface area) were measured over a 
21 mm2 area. The measured density values were normalized for all samples by dividing 
the number of cells at each time point by the average number of cells attached after 
4 hours. The normalized data was scaled by a factor of 20, the average number of cells 
adhered to most surfaces after 4 hours in culture, so that visual comparisons between 
the raw and normalized data could more easily be made. Cell proliferation assays, such 
as BrdU DNA synthesis assays or fluorescent-activated cell sorting (FACS), are a more 
specific proliferation test, but could lead to misleading results due to incomplete 
nanopattern coverage in some areas of the sample.  
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10.2.4 Statistical Analysis 
The raw measured cell densities were used to evaluate initial cell attachment 
after 4 hours in culture. The normalized and scaled cell densities  were compared at 
24 hour time points for 3 days. Since all of the analyzed data contained normal 
distributions and equal variances as determined by the tests described in Section 5.2.5, 
ANOVA with a post hoc Tukey test was implemented with a significance level of 0.05 to 
determine any statistically significant differences in cell behavior. 
10.3 Results 
10.3.1 Initial Cell Attachment at 4 Hours 
ECs display a dose-dependent response to FN surface density and it has been 
shown that both initial cell attachment and long term proliferation are greatly reduced 
in ECs cultured on surfaces with FN concentrations below 550 FN/µm. 6,102 This finding 
was validated and elaborated upon in the studies presented here. Figure 10.1 A displays 
raw cell density measurements as a function of increased FN surface density for cells on 
both nanopatterned (green) and thiolated Au control surfaces (yellow). Focusing just on 
the control surfaces in Figure 10.1 A, it can be seen that statistically fewer cells, 
11 cells/20 mm2, attach to low density FN coated control surfaces with 537 FN/µm2 
compared to an average of 20 cells/20 mm2 on higher density FN surfaces with 
concentrations equal to or greater than 1,882 FN/µm2. 
While the previously reported relationships between initial cell attachment, 
proliferation, and FN surface concentration hold true, new insight into what governs 
initial cell attachment to surfaces was determined by comparing the density of cells 
adhered to low FN density control surfaces to the number of cells on nanopatterned 
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surfaces after 4 hours in culture. The nanopatterned surfaces display much lower FN 
densities, 41 and 217 FN/µm2 for B- and M-type surfaces respectively, yet statistically 
more cells initially adhere to these surfaces compared to control surfaces with higher FN 
densities of 537 FN/µm2 (Figure 10.1 A). In fact, the same average density of cells, 
20 cells/20 mm2, that was measured on the higher FN surface density controls was 
measured on the nanopatterned surfaces. This finding implies that even extremely low 
levels of FN can support initial cell attachment as long as the cell can cluster integrins to 
form well-defined adhesion sites. Even though the nanopatterned surfaces display much 
lower global surface densities of FN, the way that it is presented for cell attachment is 
quite different compared to homogenously coated control surfaces. Low FN surface 
density control surfaces, 2Au, are homogenously coated with FN and most likely display 
irregularly distributed and spaced FN molecules while the nanopatterned surfaces 
display well-organized nanoscale sites of densely packed FN. The fact that cells initially 
adhere to and spread on these surfaces shows that local ligand density and ability to 
quickly cluster integrins to form well-defined adhesions is more important for initial cell 
attachment than overall ligand density. This idea is supported by existing literature 
showing that the ability to cluster integrins is more influential than the overall ligand 
surface density for supporting initial cell attachment, although it has not been 
demonstrated on the small size scale as presented here. 99 
10.3.2 FN Surface Density Influence on EC Proliferation 
As with initial cell attachment, ECs also display dose-dependent increases in 
proliferation with increasing FN surface concentrations. 102 Focusing only on the control  
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Figure 10.1: Proliferation Graphs for Cells on Nanopatterned and Control Surfaces: (A-
C) Raw cell density measurements (cells/20mm2) for cells on nanopatterned (green) and 
Au control (yellow) surfaces after 4, 24, 48, and 72 hours in cutlure. (D-F) Same graphs 
as in (A-C) but after normalization and scaling. The cell densities were plotted as a 
function of (A,D) increasing FN surface density, (B,E) increasing nanopattern size, and 
(C,F) increasing nanopattern spacing. The controls were included in (B, C, E, F) for ease 
of comparison. * Indicates higher cell densities than 2Au and all nanopatterned surfaces 
(p < 0.001). # Indicates higher densities than 2Au and 1500B nanopatterned surfaces 
(p < 0.033). ~ Indicates lower cell densities than all other surfaces (p < 0.05). 
surfaces in Figure 10.1 D verifies this finding. Cells seeded on low density homogenously 
coated control surfaces displaying 537 FN/µm2 show a statistically significant decrease 
in cellular proliferation over a 3 day period compared to cells cultured on control 
surfaces with 1,882 FN/µm2. While cells seeded on nanopatterned surfaces show similar 
initial attachment rates to cells seeded on high density control surfaces, their 
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proliferation is significantly lower than cells on high density controls but significantly 
higher than cells cultured on low density FN surfaces (Figure 10.1 D). The fact that 
proliferation is higher in cells cultured on nanopatterned surfaces compared to low 
density controls again indicates that the ability to form well-defined adhesion sites is 
more important in the initiation of signaling cascades responsible for controlling 
proliferation and overrules global surface density effects. This rule even seems to hold 
true for extremely low density FN surfaces, the B-type surfaces that display only 
41 FN/µm2. No significant differences in proliferation were observed between cells 
cultured on the B- and M-type surfaces even though these surfaces have an order of 
magnitude difference in global FN surface density (Figure 10.1 D). The occurrence of 
decreased proliferation in cells on nanopatterned surfaces compared to those cultured 
on high FN surface density controls hints to some importance of global FN density but 
may be a consequence of the non-discrete FN coating that allows adhesions to grow 
unhindered or due to differences in adhesive states rather than an influence of FN 
density.  
10.3.3 Nanopattern Size Influence on EC Proliferation 
To test whether adhesion site size influences cellular proliferation, cells were 
cultured on nanopatterned surfaces with FN nanoislands of a characteristic length 
ranging from 92 to 405 nm corresponding to individual adhesion sites areas of 3,629 to 
85,653 nm2. Previous cell studies in Dr. Frey’s lab performed by Ted Gaubert using 
nanopatterned surfaces created with a different fabrication technique, NOBIL, 164 have 
demonstrated that cells seeded on small circular nanopatterns with a diameter of 
150 nm display increased proliferation compared to cells on larger nanopatterns ranging 
 222  
from 200 to 300 nm in size. This dependence of cellular proliferation on nanopattern 
size was not discovered in cells using surfaces created with NSL in this study (Figure 10.1 
E). This discrepancy is most likely due to differences in nanopattern size-to-pitch ratios 
produced by the two different nanofabrication techniques. The results presented here 
indicate that cellular proliferation is not influenced by nanopattern size, at least for the 
small size-to-pitch ratios for nanopatterns created using NSL. 
10.3.4 Nanopattern Spacing Influence on EC Proliferation 
While there were no observed influences of nanopattern density or size on EC 
proliferation, cells did show a decreased proliferative response to increased adhesion 
site spacing (Figure 10.1 F). Cells cultured on surfaces presenting large, 222 nm, sized FN 
nanoislands spaced far apart, 1.534 µm, displayed a statistically significant decrease in 
proliferation compared to cells on all other nanopatterned surfaces (Figure 10.1 F); 
these surfaces all presented nanoscale adhesion sites within 900 nm of each other. This 
occurrence can not be a function of pattern density, as the 0300B nanopatterned 
surfaces have the same 2.2 % pattern surface coverage as the 1500B surfaces but cells 
on these surfaces did not show decreased proliferation. Any mechanisms that relate 
adhesion site spacing to adhesion mediated proliferative changes are currently 
unknown and no existing literature is available that covers the topic. Speculation as to 
why adhesion site spacing may have an influence on cellular proliferation will be 
discussed in the following section. 
10.4 Discussion 
The work presented here validates that ECs respond to varying surface 
concentrations of FN by undergoing both increased initial cell attachment and long term 
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proliferation with increased FN surface density. While this relationship holds true for 
cells cultured on homogenously coated control surfaces, cells on nanopatterned 
surfaces behave quite differently. Cells are able to attach to nanopatterned surfaces 
presenting global FN densities as low as 41 FN/µm2 as well as they can to homogenously 
coated control surfaces displaying much higher densities of FN at 1,882 FN/µm2, and 
statistically better than cells exposed to homogenously FN coated surfaces with an order 
of magnitude higher FN concentration at 537 FN/µm2. This finding suggests that the 
ability to quickly cluster integrins to form well-defined adhesion sites is more important 
in promoting initial cell attachment than the overall amount of FN present on the 
surface as proposed by others. 99 While this holds true for initial cell attachment, long 
term proliferation may be governed by different aspects of adhesion as cells on 
nanopatterned surfaces display significantly decreased proliferation compared to cells 
grown on high density FN control surfaces. Previous work concerning cellular 
proliferation has demonstrated that cells on soft surfaces display proliferation rates that 
are similar to cells on more rigid surfaces, although the rates may be slightly lower for 
cells cultured on extremely soft surfaces. 40 It has also been shown that cells on soft 
surfaces create less dense actin stress fiber networks and display smaller more diffuse 
adhesion sites. 39 Since it is known that FAK is a major player in adhesion site regulation 
over cellular proliferation 50,80 and that FAK also is involved in adhesion site linkage to 
the cytoskeleton through its interaction with Shp2 and α-actinin, 79 it is tempting to 
speculate that FAK may be one of the force-sensitive signaling components in adhesion 
sites, although no available literature has made this connection and FAK has been 
investigated for many years. Contrary to this idea, the fact that cells cultured on soft 
surfaces show some deficiencies in the formation of dense actin stress fiber networks 
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but can still maintain similar proliferation rates to cells on more rigid surfaces implies 
that FAK and other possible adhesion components that regulate signaling are not force 
sensitive molecules. Furthermore, the finding that the creation of multiple cell-cell 
contacts down-regulate proliferation but that polarized cell-cell contact induces 
proliferation may indicate that ECM has little control over cell proliferation of ECs and 
that they continue to split until a critical number of surrounding cells are contacted. 88 
More insight into adhesion site regulation of proliferation can be deduced from 
the discovery of decreased cellular proliferation when cell adhesions are spaced more 
than 1.5 µm apart. It was demonstrated that both nanopattern surface density and 
nanopattern size have little influence on proliferation while adhesion site spacing does, 
at least for very large distances. Cells cultured on nanopatterns presenting 41 FN/µm2 
showed no difference in proliferation compared to cells on nanopatterned surfaces with 
217 FN/µm2. Furthermore, nanopattern size in the range from 92 to 405 nm showed no 
influence on proliferation, while an interpattern spacing of 1.5 µm induced significantly 
lower proliferative responses in cells. Previous cell studies in Dr. Frey’s lab using 
nanopatterned surfaces created with NOBIL 164 have shown that pattern size, spacing, 
and overall density all have some influence on cellular proliferation, but size is the 
dominating factor for nanopatterned surfaces while density is the dominating influence 
for homogenously coated surfaces. From these studies it can be concluded that the 
observed increase in proliferation for cells on some NOBIL surfaces is not seen here due 
to the tighter packing of the nanopatterns that almost mimics homogenously coated 
surfaces due to their relative proximity. While NOBIL has many advantages over NSL 
with respect the pattern-to-pitch ratio control, no surfaces displaying extremely large 
spacing between the adhesion sites were implemented. The decreased proliferation 
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observed in cells seeded on the 1500B surfaces that display 222 nm size FN islands 
separated by 1.5 µm may show another aspect of adhesion site signaling. One may 
speculate that signaling cascades generated at adhesion sites have a limited spatial 
distance over which they influence signaling. If a large number of adhesion sites are 
within a close distance to each other then the signaling cascades initiated at the 
individual sites may overlap each other producing higher local levels of signaling 
between adhesions thereby reaching a specific threshold level in which downstream 
signals can be started, an idea similar to threshold levels met in neurons before they 
fire. It may be that if adhesion sites are spaced too far apart then there is no spatial 
overlap of signals and secondary downstream messengers do not get activated. While a 
speculative model, some studies have shown the possibility of force-sensitive Ca2+ 
channels that are opened by the application of force to the cell membrane presumably 
by F-actin near focal contacts at the periphery of lamellapodia. 82,83 This would allow 
very local spatially resolved responses in signaling to be created and if two adhesions 
are in close enough proximity then their overlap in signaling may reach the necessary 
threshold to active downstream messengers.   
10.5 Conclusions 
The analysis has shown that local ligand density and the ability for a cell to 
cluster integrins on a surface thereby creating well-defined adhesion sites is more 
important than overall ligand density on initiating cell attachment. While the formation 
of small adhesions is critical for initial cell attachment, other factors possibly including 
adhesion size and spacing are more influential over long term proliferation. 
Furthermore, while FAK plays an important role in governing adhesion mediated 
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proliferation signaling and in inducing adhesion site linkage to stress fibers it is most 
likely not a force sensitive adhesion molecule and the formation of cell-cell contacts 
seems to dominate proliferative responses. The data suggests the possibility of specific 
threshold signaling levels that have to be spatially resolved in order to promote long 
term proliferation. Further studies relating these multiple influences will have to be 
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Chapter 11 
Discussion and Conclusions 
11.1 Discussion and Conclusions  
Integrin binding to its ECM ligand and integrin clustering are synergistic events 
needed to induce signaling and full engagement of adhesions with the cytoskeleton. 
Cluster size is an indicator of the maturation of adhesions, which is driven by the applied 
force of the actomyosin machinery of the cell. The size of each cluster can range from 
about 30 nm for a trimer, to submicron-sized for motile cells, to many microns for fully 
matured adhesions. Due to this wide range of adhesion sizes, restrictions in the growth 
process induced by cell adhesion to chemically-defined nanopatterns of FN was shown 
to influence both the adhesion of ECs and the events initiated and controlled by 
adhesion including cytoskeletal formation, cell spreading, fibrillogenesis, cell motility 
and proliferation as presented here. 
Nanotopographic surfaces created by a variety of techniques have been shown 
to influence cell adhesion in several ways, including alignment to nano grooves, 130 
decreased initial cell attachment and adhesion strength, and impaired spreading on 
surfaces presenting nanopits, 137-139 as well as increased adhesion, spreading, and 
cytoskeletal formation on raised nanopatterns. 93,140 The mechanisms of 
nanotopography influence are not clear, but increased filopodia formation, 141,142 Rac 
localization to the cell periphery, 93 and an upregulation of genes associated with cell 
signaling, proliferation, cytoskeletal components, and ECM production 140 have all been 
documented. While some cells such as ECs and fibroblasts prefer less topography, 93 
osteoblasts display increased adhesion, proliferation, and deposition of extracellular 
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calcium with increased topography. 136,143 Nanotopographic surfaces have been 
suggested to induce selective adsorption of ECM proteins, 145 and while they 
demonstrate the importance of nanometer-scale features on cell behavior, they have so 
far not provided systematic insight into the connections between adhesion site 
properties and downstream cell behavior.  
Chemically defined patterns of cell adhesion ligands, on the other hand, provide 
direct molecular control over the processes of cell adhesion as well as over the 
mechanics of force transduction. This control has been implemented to investigate cell 
adhesion, spreading, and differentiation on the micron scale with tools such as 
microcontact printing of thiols on gold. Cell adhesion size control down to 0.1 µm2 using 
thiol stamping has shown that cells can adhere and spread well using such areas for 
integrin binding, unless the distance between the adhesion sites exceeds 2 µm. 198 
Extension of these types of studies into the submicron regime has been much more 
challenging. Although a multitude of nanopatterning strategies exist most of them are 
serial in nature and too laborious to fabricate the large surfaces areas needed for 
systematic cell studies. 146-148,154-162 This time constraint can be circumvented though the 
use of parallel patterning techniques such as NSL as presented here. 149,163,164,166,167,182  
While many nanofabrication techniques exist, most studies simply demonstrate 
cell adhesion to these surfaces and no direct proof over submicron adhesion site control 
has been demonstrated and no detailed cell biology studies as presented here have 
been performed on this length scale. 199-201 For example, protein and cell adhesion have 
been observed on PEG pillars, but due to the known repulsive properties of PEG, the 
number of cells that could adhere was significantly lower than to protein-coated 
glass. 149 Other techniques such as micelle lithography or star polymers have provided 
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significant insights into the importance of integrin proximity in the clustering process, 
but they do not allow for the formation of well-defined larger adhesion clusters except 
when used in conjunction with a serial technique such as e-beam lithography. 
Additionally, most techniques rely on RGD sequences for cell adhesion, and 
investigations of cell interactions with the full FN protein have not yet been possible on 
nanopatterns. While these tools have been used to gain more significant insight into cell 
adhesion biology than most reported literature, none of them have shown direct control 
over adhesion site size on the nanometer scale as presented in this work. 
Experimental tools for systematic investigations to control the adhesion size 
range from about 40 nm to 300 nm, a size range in which a number of critical molecular 
and mechanical processes in cell adhesion may occur, have been missing so far. Here it 
was shown that NSL, a highly parallel self-assembly process, can be used to create large, 
cm2-sized areas of nanopatterns of exactly this size range, with well defined size, 
spacing, and topography. These nanopatterned surfaces are a composite of two 
materials and can therefore be chemically modified with two distinct chemical 
functionalities. The results presented from detailed XPS, AFM, FN immunolabeling, and 
cell-seeding experiments consistently show that modification of the glass background 
with PEG and thiolization of the gold nanostructures directs FN adsorption exclusively to 
the gold nanostructures. By performing the functionalization for both materials 
simultaneously, PEG adsorption to the gold areas was minimized and the lack of an XPS 
sulfur signature on functionalized glass surfaces indicates that no thiol is entrapped in 
the PEG SAM. The ability to immobilize the full FN protein to the gold nanoislands 
provides stronger proof that adhesion maturation can be limited to the formation of 
small focal complexes whereas simply using RGD terminated thiols would not include 
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adhesive interactions with the synergistic and cryptic binding sites found in the full 
protein. The terminal functionality used here presents FN in a compact form similar to 
that found on non-patterned hydrophobic surfaces, 120 but changing the thiol 
functionality to a hydrophilic end group would induce FN to appear in an extended 
form. 120 This flexibility in the choice of surface chemistry could allow for more detailed 
studies of adhesion to be performed including the preferential engagement of different 
integrins based on the presentation of FN on different thiol terminal 
functionalities. 117,121 Although non-covalent immobilization of FN to the nanopattern 
was implemented in these studies, the use of other functional thiols would allow for 
specific and covalent anchoring of the full FN or sequences of FN domains by 
bioconjugation procedures. For instance mutated FN molecules lacking certain domains 
could be covalently linked to further explore the process of fibrillogenesis and to end 
the debate of whether specific domains unfold or whether the entire protein is 
stretched during fibril formation. Finally, the presentation of small peptides tethered to 
thiols could also be easily achieved and libraries of peptide influence on cell adhesion 
could be created. 
The finding that cells even attach to these nanopatterned surfaces gives 
previously unknown insight into how the presentation of ECM ligands can promote or 
inhibit adhesion. Studies using homogenous coated protein surfaces have shown a 
direct correlation between FN surface density and endothelial and epithelial cell 
proliferation and spreading. 102,243 The selective adhesion of FN to nanopatterned 
surfaces changes the overall average density of FN and allows comparative studies of 
cell attachment, spreading, and proliferation between differences in global and local 
densities of FN. As confirmed by XPS, M-type and B-type nanopatterned surfaces 
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contain 7 - 8 % and 2 %, respectively, of the saturation amount of FN on a homogenous 
gold surface, in agreement with the measured average surface coverage of the pattern. 
It was demonstrated that both initial cell attachment and proliferation are mostly not 
determined by the average or global FN density as previously thought, as cells on both 
the 7 % and 2 % coverage surfaces seeded and proliferated far better than cells on non-
patterned control surfaces with 537 FN/µm2. In fact, cell attachment and proliferation 
were observed in cells at average FN concentrations more than 10 times lower than 
what was previously thought to be the minimum concentration that would support 
attachment and induce proliferation. 102 
At later time points, pattern or interadhesion site spacing becomes an important 
regulator of proliferation. This was indicated by the significantly lower proliferation of 
cells on 1500B surfaces compared to cells on all other nanopatterned and high FN 
density control surfaces. 1500B surfaces with a large interadhesion site spacing of 
1.5 µm, close to the 2 µm spacing in which cells can not spread well on micropatterned 
surfaces, have similar adhesion site sizes compared to 1500M surfaces but a much 
larger interadhesion site spacing. Combining the finding that cells on both small and 
large nanopatterns proliferate more than cells on 1500B surfaces can provide some 
insight into how proliferation is governed by adhesion sites. Previous work by Ted 
Gaubert demonstrated that cellular proliferation rates are sensitive to changes in 
adhesion site size if the spacing between individual nanopatterns is relatively high (low 
pattern-to-pitch ratios). The surfaces in his studies did not allow for investigation of 
large spacing between nanopatterns to be performed as done here with the 1500B 
surfaces. The results of the two studies indicate a new possible method for adhesion site 
signaling control over proliferation. If adhesions are spaced very close together, such as 
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found with the 0300B and 0300M surfaces, then small changes in adhesion site size do 
not influence proliferation. If the adhesions are not packed very densely, meaning that 
they are slightly further apart, then adhesion site size has an influence on signaling, and 
finally, regardless of size, if the adhesions are spaced to far apart then proliferation is 
suppressed. These trends indicate that proliferative signals emanating from single 
adhesion sites may work together synergistically. It could be that each individual 
adhesion site contributes a circular signaling pattern that spreads from the adhesion site 
and combines with others to produce a “wave front” of signal, similar to Huygen’s 
principle that in turn results in a cellular proliferative response. Hypothetically, it may be 
that the local signals created at adhesion sites have a particular spatial resolution and 
that this spatial resolution can be increased by either increasing or decreasing the 
adhesion site size. While no proof for such a model currently exists, it could explain the 
findings presented here and in Ted’s work. Further studies using intracellular signaling 
dyes or cells transfected with, for instance GFP mutants of PIP3, could be combined with 
total internal reflection fluorescent (TIRF) microscopy studies to determine the exact 
spatial resolution of signaling cascades emanating from adhesion sites. 
Furthermore, the time dependence of the proliferation results suggests that 
initially, the local FN density is important to support fast cluster formation of integrins 
regardless of adhesion site size. Since homogenous substrates with low levels of FN are 
randomly covered and the nanopatterns induce the formation of discrete adhesion sites 
of densely-packed FN, non-patterned surfaces would need a far denser coating to 
support the same local density of adhesions, as has been suggested recently with 
experiments on larger cluster sizes. 97,99,198 Also, it is interesting to note that the lowest 
non-patterned FN surface concentration, which has an average density of 537 FN/µm2 
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and very low cell proliferation rates, has an average distance between FN molecules of 
43 nm. This value is below the 58 – 70 nm separation between cyclic RGDs found to be 
the threshold to support fibroblast adhesion using nanopatterned cyclic RGD. 99 This 
discrepancy could be explained either by the fact that in that study adhesion and 
spreading but not proliferation were tested, by an inhomogeneous distribution of FN in 
our non-patterned experiments, or by a significant portion of the adsorbed FN having 
inaccessible binding sites. 
Similar to proliferation, cell spreading area is commonly used to determine 
cellular reaction to a substrate. Endothelial cell spreading and proliferation have been 
linked: as the FN concentration on a surface increases, so do both the extent of cell 
spreading and the proliferation rates. 102 Nanotopographic surfaces have the ability to 
increase cell spreading in both endothelial cells 143 and fibroblasts, 140 while very high 
nanocolumns (160 nm) can reverse this effect in fibroblasts. 142 Here it was shown that 
reduced levels of cell spreading was induced in cells seeded on very small nanopatterns. 
The fact that HUVECs on the 1500M surfaces with an individual adhesion site area of 
~ 0.1 µm2 and an interadhesion site spacing of 0.9 µm spread more than cells on smaller 
nanopatterns suggests  that there is a different quality to the adhesion for adhesion sizes 
above ~ 0.04 µm2.  
A threshold of 0.01 – 0.05 µm2 for a single adhesion area is interesting, as this 
area is less than half the smallest pattern size of 0.1 µm2 investigated by Lehnert 
et al. 198 Their results showed that such a pattern leads to cell behavior indistinguishable 
from homogeneously coated surfaces as long as the distance between adhesions (pitch) 
was below 2 µm, although the did not perform any analysis of the adhesions. Such a 
threshold is far smaller than the 1 µm2 threshold found in force studies. Cellular traction 
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and force studies have shown a linear relationship between adhesion site size and the 
force applied to the surface for adhesion sites larger than 1 µm2, with larger adhesions 
applying higher forces per adhesion area. 51-53 Similar studies have also shown an 
inverse trend, with adhesions smaller than 1 µm2 at the leading edge of cell movement 
applying higher forces per attachment area than larger adhesions. 53,60 Additionally, it 
has been shown that larger well-spread cells exert more force on the surface than 
smaller rounded cells. 244  
The adhesion site studies performed here show a distinct difference between 
the size and distribution of adhesions formed by cells on nanopatterned and control 
surfaces. Au and glass control surfaces induce cells to form larger adhesions mainly 
along the cell perimeter. Cells on larger nanopatterns (1500B and 1500M) form mostly 
small adhesions that are more evenly distributed across the cell and only a few large 
adhesions, and the smallest nanopatterns that are less than 100 nm in size, induce cells 
to form an extremely high adhesion site density of small adhesions and almost no large 
adhesions. The analysis of individual adhesions, as characterized by vinculin stains and 
AFM height scans, has shown that cellular adhesions are located at nanopatterns, 
although the adhesion complex may bridge between patterns. The complexes can 
therefore reach lengths in the micron range, but their width is dependent of the pattern 
size leading to adhesion areas well below 1 µm2. This study is the first to provide direct 
proof over adhesion site size control in the nanometer regime. Further analysis into the 
types of adhesions formed indicates that cells on the smallest nanopatterns, less than 
100 nm in size, primarily form focal complexes and occasionally fibrillar adhesions as 
defined by the colocalization of elongated adhesions with FN fibrils. Cells cultured on 
larger nanopatterned surfaces, greater than 200 nm in size, were able to form both focal 
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complexes and smaller versions of large classical focal adhesions. While still well below 
1 µm2 in size, these adhesions showed the ability to interact with stress fibers and if the 
spacing was close such as with the 1500M surfaces, then the small stress fibers attached 
to these adhesions could be bundled together to form larger stress fibers. 
The dependence of cytoskeletal formation on nanopattern properties gives some 
insight into the state or maturation levels of adhesions achieved by modulating 
nanopattern size and spacing. Previous studies have shown that the interplay between 
small nascent adhesions and F-actin in freshly seeded cells is important for the eventual 
formation of stress fibers and stress fiber linked focal adhesions. 174 The studies were 
able to show that in the initial moments of cell adhesion small circular rings of adhesive 
components are formed around F-actin rich cores. Over time, the highly dynamic F-actin 
and adhesion components form doublets that could then begin to tie together, similar 
to the organization seen on the 0300M surfaces. Eventually the F-actin bundles could be 
pieced together to form stress fiber linked adhesions similar to the observations 
presented here in cells on 1500B and 1500M surfaces. Finally, these smaller versions of 
focal adhesions were able to grow into large classical focal adhesions connected to large 
stress fibers, an occurrence seen in cells on the control surfaces in these studies. 174 This 
finding further validates the claim that nanopatterned surfaces with varying size and 
adhesion site spacing can limit maturation of adhesive states. Following this logic would 
mean that cells on 0300B surfaces have the lowest state of adhesion site maturation 
followed by cells on 0300M surfaces that begin to show signs of stress fiber formation 
where the close proximity of the adhesions allows for small bundles of F-actin to be 
joined together. A similar state of adhesion maturation is achieved by cells on 1500B 
surfaces that induce the formation of small adhesions that can link to actin fibers 
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without having to bundle fibers from multiple adhesions. Finally, a more mature state of 
adhesion is achieved by cells on 1500M that basically form smaller versions of large 
classical focal adhesions.  
Further analysis into nanopattern regulation of mechanotransductive properties 
shows that nanopattern geometry can have some influence on cellular processes. It was 
demonstrated that cells on B-type surfaces were able to form thin FN fibrils that could 
span multiple nanopatterns, while this occurrence was much lower in cells on M-type 
surfaces. This finding led to the investigation of what is different about these surfaces 
that could allow fibrils to be formed in one case but not the other. Two possible 
solutions exist. First, it could simply be a density effect as the B-type surfaces have an 
order of magnitude lower global density of FN than M-type surfaces but this does not 
fully make sense in light of cell behavior on Au control surfaces. Cells cultured on high 
FN density Au control surfaces did not form any fibrils whereas cells on low density FN 
surfaces did. This shows that cells most likely cope with low levels of FN by producing 
their own FN. So how does this apply to cells on the nanopatterns? Since the local 
density of FN is high on the nanopatterned surfaces, and that is what the cells recognize, 
then the cells should react as if they were on the 25Au control surfaces and not produce 
fibrils. This implies another mechanism that determines fibril formation. Further analysis 
of the nanopatterns shows that straight lines connecting multiple patterns can easily be 
drawn on the B-type surfaces that can not be done on the M-type surfaces due to their 
offset nanopattern geometry, see Figure 3.1 C versus D. This led to the hypothesis that 
the local application of force allowed the cells to pull FN from one nanopattern to the 
next which would implicate the formation of fibrillar adhesions. Currently, fibrillar 
adhesion formation is thought to be a late maturation state of adhesion formation. 16 
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The work presented here that correlates adhesion site properties to varied maturation 
states, implies that this is not necessarily so. Cells on 0300B surfaces that form very 
small non-cytoskeletal linked adhesions can still form fibrillar adhesions without the 
intermediate stage of focal adhesions. Further support for the nanopattern alignment 
theory of fibrillogenesis is supported by recent findings that show directionality of 
applied force result in different FN network configurations. 214 The work presented here 
showing that the fibrillar adhesions align to actin stress fibers further validates that the 
direction of applied force can influence the density and interconnectedness of FN 
networks. 214 
Lastly, all of the differences in adhesive states, cytoskeletal formation, and 
fibrillogenesis were reflected in the different motility studies. The current understanding 
of motility involves the formation of large stress fiber linked adhesions to apply the 
traction force necessary for cell motility. Recent evidence has shown that cytoskeletal 
linkage can act to reduce cell motility as discovered in motile cancer cells that reduced 
their motility with increased levels of tensin, an adaptor protein that acts to link 
adhesion and cytoskeletal components together. 238 This apparent slowing of fast cells 
with increased adhesion-to-cytoskeleton connections implies that these links induce the 
formation of drag forces before they are disassembled. 238 The work presented here 
shows that very small nanopatterns induce significantly higher levels of motility 
compared to cells on larger nanopatterns regardless of pattern spacing and density. 
These increased levels of motility coincide with cells that have reduced cytoskeletal 
formation and linkage to adhesions. The results imply that while the formation of stress 
fiber linked focal adhesions can provide high levels of traction force at the leading edge 
of cells they can also act as sources or drag force before their disassembly.  
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This brings FAK into the picture. FAK is an important regulator of many signaling 
events initiated and governed by adhesion sites and has known important roles in 
adhesion formation, cytoskeletal linkage, proliferation control, and adhesion site 
disassembly. 32,37,50,80,117,227,236,237,239,245-247 The more motile states achieved by cells on 
nanopatterned surfaces may indeed have either more FAK or have more highly 
phosphorylated FAK, and due to the size restrictions imposed by the nanopatterns are 
not able to form large actin stress fibers. Further studies using cells transfected with GFP 
variants of FAK could provide more insight into these questions.  
It is interesting to further compare cellular mechanotransduction on 
homogeneous but elastic substrates with the rigid but nanopatterned substrates used 
here. ECs on elastic substrates show a strong correlation between elastic modulus and 
spreading, while proliferation is relatively unaffected. 40 The findings of a relatively small 
proliferation decrease and decreased cell spreading of ECs on smaller nanopatterns 
suggests that restricting integrin clustering with nanopatterns and reducing force 
generation at adhesion sites with elastic surfaces may induce changes in cell behavior 
through a similar pathway. Considering the importance of cellular mechanotransduction 
for cell differentiation and phenotype, 122 the nanopatterned surfaces presented here to 
control integrin clustering could provide a complementary tool to elastic substrates for 
understanding the molecular mechanisms of integrin-mediated mechanotransduction. 
Further studies relating the dynamics of focal adhesion properties to cytoskeletal 
formation and cell motility could elucidate these questions. 
It is even more interesting to compare the findings presented here with those of 
cells in 3-D environments. Currently, an increasing number of scientists are realizing that 
much of what we have learned about cell adhesion biology may be an artifact of tissue 
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culture on 2-D rigid surfaces and not representative of in vivo conditions, except maybe 
for osteoblasts. Cell studies using 3-D matrices have shown drastic differences in cell 
morphology and increased motility and proliferation compared to cells on 2-D 
surfaces. 43,46-48 These occurrences parallel the findings presented here and those using 
2-D elastic surfaces. These observed cellular changes induced by 3-D matrices have been 
linked to changes in adhesion composition and FAK phosphorylation. 48 Furthermore, 3D 
matrices are typically more elastic than glass or polystyrene, and therefore the inherent 
matrix elasticity may also influence adhesion properties of cells cultured in 3-D systems. 
Cells cultured in cross-linked cell-derived 3-D matrices revert back to using adhesions 
similar to those seen in 2-D culture systems. 48 Furthermore, recent studies performed 
on cells in 3-D electrospun nanofibers have reported cell behavioral changes almost 
identical to those presented here. 248 Cells in these nanostructured 3-D systems 
displayed decreased cytoskeletal formation, smaller more diffuse adhesion sites, and a 
slight reduction in cell spreading compared to cells on 2-D culture systems. 248 Based on 
these results, the formation of large focal adhesions associating with large stress fibers 
may be a consequence of cell culture on 2-D rigid systems and not indicative of in vivo 
behavior. Even more importantly, the findings presented here imply that limiting 
adhesion site growth and cytoskeletal formation may produce more in vivo like cell 
responses. Since these experiments were performed on 2-D surfaces that were 
completely rigid, the comparison with 3-D matrices and planar elastic substrates 
suggests that it is the local force exerted on each adhesion that determines cell 
behavior. Despite being rigid and 2-D, these surfaces could be a highly useful alternative 
to 3-D and planar elastic membrane culture systems for exploring cell adhesion biology 
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and separate force, 3-D arrangement, and local mechanotransduction influences from 
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